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Foreword

Nearly four decades have passed since attempts at correcting intracardiac de
fects in children first began to succeed. In that time great advances have oc
curred in our field, including improved diagnostic techniques as well as our
ability to manage even the most complex heart defects with relatively low risk
and an expected outcome that was unimaginable just twenty years ago. New
non-invasive techniques for imaging the heart have largely supplanted more
invasive methods such as angiography for the diagnosis of most heart de
fects. Continued advances in this area promise to provide the practitioner ac
curate quantitative information regarding the hemodynamics and pathophysi
ology of simple and complex heart defects that is often not obtainable even
with cardiac catheterization. The surgeon facing surgical correction of an
anatomic defect in a child today needs to be familiar with all these imaging
and diagnostic modalities in order to have a complete understanding of that
child's pathology prior to planning surgical management.

In turn, decision-making regarding timing of intervention, surgical alterna
tives, and optimal surgical approach remains a challenge for surgeons and
cardiologists alike. Knowledge of anatomy and pathophysiology must be com
plemented with understanding of the potential complications of the various
surgical procedures and the expected outcomes. The former has become more
difficult as access to morphologic specimens is rapidly becoming a rare phe
nomenon, and the latter information is not readily available nor is it easily
gleaned from most texts. In today's world, the clinician is expected to make
important management decisions not only on the basis of personal experience
but also on the accumulated knowledge, often over decades, of rapidly evolv
ing practice.

Although there is a plethora of textbooks available that provide an encyclo
pedic volume of information regarding all the described congenital heart de
fects, there is a distinct lack of practical information on how decisions re
garding management are made in order to optimize outcome in our patients.
The author of this text has taken great care to provide this information in a
logical step by step fashion, including interpretation of diagnostic tests, back
ground on the morphologic features and common clinical presentation, as
well as operative approaches and techniques along with potential pitfalls. This
valuable text is arranged in a sequential manner to cover more common de
fects in the initial volume, followed by coverage of less common congenital
heart defects. The emphasis is on practical information, with ample illustra
tions which are essential for an understanding of the morphologic features of
the defects as well as the theory and practice of surgical repair. The focus on
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decision-making is particularly useful for clinicians treating children with
congenital heart defects and this text will be of value to surgeons and cardiol
ogists early in their career, as well as those with experience wishing to update
their knowledge.

It gives me great pleasure to provide these reflections as an introduction to
this valuable text. I commend the author for focusing on the practical issues
involved in the management of these many complex defects. Doctor Como is
to be congratulated for writing a volume which will surely become a reference
text for clinicians in our field for many years to come.

Children's Hospital - Boston, Massachusetts, USA PEDRO J. DEL NIDO, M.D.
August 2004



Preface

Following the program agreed with the Publisher, one year after the publica
tion of Volume 1 dealing with the most frequent congenital heart defects, Vol
ume 2 appears with the elements for the decision making process in the sur
gical treatment of the less common heart malformations.

The schema utilized for the construction of the book remain unchanged.
The less frequent congenital heart defects are presented with each chapter de
voted to a single malformation, with incidence, morphology, associated ano
malies, pathophysiology, diagnosis (including clinical pattern, electrocardio
gram, chest X-ray, echocardiogram, and cardiac catheterization with angio
graphy), indications for surgical treatment, details of surgical treatment, po
tential complications and literature references.

In comparison with Volume 1 the technical quality of the reproduction of
the schematic drawings has been substantially improved, as well as the selec
tion of echocardiographic and angiographic images. With regard to the diag
nostic tools, photographs with magnetic resonance imaging and computer
ized tomography have been selected to add further information on specific
defects. More space has been dedicated to the intra-operative photographs,
since these were particularly appreciated in Volume 1. Finally, the number of
references has been extensively increased for each chapter, following a request
frequently received from the readers.

As for Volume 1, the acknowledgements to those who contributed to my
knowledge in the field of congenital heart defects remain valid for Volume 2.
In addition, I would like to thank the individuals providing me with help and
support for the preparation of this volume: Bruno Marino and Gaetano
Thiene once again allowed me to illustrate the details of cardiac morphology
by reproducing wonderful illustrations coming either from their "Atlante di
anatomia ecocardiografica delle cardiopatie congenite" or from their personal
collections. Michael Rigby kindly made available his library of echocardio
graphic images of the most rare congenital heart defects. Adriano Carotti,
who was a junior fellow when I was in Rome, quickly became a talented sur
geon, expert in Pulmonary Atresia with Ventricular Septal Defect. He kindly
revised the relevant chapter with constructive criticism.

Philippe Monnier and Florian Lang, ENT surgeons of Lausanne who devel
oped the technique of slide tracheoplasty for long-segment tracheal stenosis
associated with the simultaneous repair of congenital heart defects, contribut
ed to the chapter "Slings and rings" with their precious input. Philippe Clavel,
once again with much patience, prepared the graphics following my continu
ous requests for improvements.
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As for Volume 1, Bruno Marino kindly reviewed the entire text, giving par
ticular care to the morphological and cardiologic components. My current
Chairman, Ludwig K. von Segesser, with his usual attention to details, stimu
lated most of the improvements over Volume 1. He was instrumental in re
specting the deadline for completion, by asking with increasing frequency
how my job was progressing.

A special acknowledgement is due to the Publishers, particularly the CEO
Dr. Thomas Thiekotter, Sabine Ibkendanz (head of medical editing) and Sa
bine Scheffler (marketing dpt.), A separate mention is reserved for Oliver
Frohmeyer (medical editing), who step by step guided me from the beginning
through this adventure of the preparation of these books as a single author.
Without their continuous support, particularly during the most difficult mo
ments, these books simply would not exist.

During the preparation of this volume, I had the great chance of personally
meeting the individual who entirely changed my vision of the cardiac anato
my and physiology: Dr. Francisco Torrent-Guasp. Francisco, now a retired
general practitioner in the Spanish village of Denia, not far from Alicante,
spent 50 years of his life cultivating his hobby: the investigation of the nor
mal cardiac anatomy and physiology. Without any support from a hospital or
university, and despite the nihilism and sometimes the sarcasm of most of
the other colleagues, he was able through the dissection of more than 1000
hearts to reveal the existence of the "ventricular myocardial band", the
unique myocardial structure constituting right and left ventricles. Despite his
initial observations having been published 50 years ago when he was a medi
cal student, only within the last few years have his theories become available
to the scientific public. Several researchers have been recently stimulated by
his work to further investigate the ventricular myocardial band. Francisco
Torrent-Guasp represents to me the ideal prototype of researcher, who just
following his intellectual curiosity and his passion for knowledge , indepen
dent from the opinion or the support of anyone else, was able to pursue the
truth by "beating to death" the topic attracting his attention. Currently, the
potential consequences on the management of congenital heart defects based
on the observations by Francisco on the normal cardiac anatomy and physiol
ogy are only the object of speculation. We are only discovering the tip of the
iceberg, but thanks to Francisco the way has been opened up.

Finally, I would like to recognize the unconditional support and indispens
able encouragement from my entire family to complete this second book;
thank you Josie, Federica, Laura and Jonathan.

Lausanne, Switzerland, August 2004 ANTONIO F. CORNO
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CHAPTER 2.1 Cor triatriatum

I Incidence

Cor triatriatum is the 21st most common
congenital heart defect (0.1% of all congeni
tal cardiac malformations), but a higher in
cidence, up to 0.4%, has been reported in
autopsies of patients with congenital heart
defects.

I Morphology

When used in isolation, the term cor triatria
tum almost always refers to division of the left
atrium. The divided right atrium is called cor
triatriatum dexter (see the end of this chap
ter). Several patterns exist in which the left at
rial chamber is divided, often in association
with anomalous venous connections or other
lesions. In the great majority of cases, none
theless, there is a pattern which can be con
sidered as the "classic" lesion. In this variant,
the left atrium is divided by a diaphragm
(membrane) into two components: 1) the
proximal (superior) left atrial chamber, typi
cally thick-walled, somewhat larger than the
distal chamber, above the subdividing dia
phragm, receiving the four pulmonary veins;
2) the distal (inferior) left atrial chamber, gen
erally thin-walled, with the opening of the
fossa ovalis, the left auricular appendage and
the mitral valve. The diaphragm between the
two components, which may have one or
more variably sized openings in it, is usually
rather thick and fibromuscular.

Typically, the foramen ovale (which may
be deficient, probe-patent or intact) is in ac
tual or potential communication with the

distal chamber, and the left auricular appen
dage is located in the distal chamber; these
two features provide a means to distinguish
between cor triatriatum and supravalvular
mitral ring (see chapter "Mitral valve dis
ease"). The severity of the lesion depends
upon the size of the orifice between the di
vided components of the left atrium.

I Associated anomalies

Cor triatriatum is seen most frequently as an
isolated lesion but it can coexist with any
other defect. Notable associations are with
persistent left superior vena cava and un
roofed coronary sinus . Other associated le
sions can be supravalvular mitral ring, atrial
septal defect, partial or total anomalous pul
monary venous connection, stenosis of the
pulmonary veins, atrioventricular septal de
fect, mitral valve regurgitation, ventricular
septal defect, tetralogy of Fallot, double outlet
right ventricle, double discordance, hypoplas
tic left heart syndrome, aortic valve stenosis,
pulmonary stenosis, anomalous origin of the
right pulmonary artery from the aorta, aortic
coarctation; rarely asplenia or polysplenia.

I Pathophysiology

Because of the presence of the fibromuscular
diaphragm within the left atrium, the blood
flow from the pulmonary veins towards the
mitral valve is impeded. Depending on the ef
fective number and size of the opening( s) in
the diaphragm dividing the two components

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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of the left atrium (restrictive or unrestrictive)
and on the presence of associated anomalies,
the following classifications can be made:
I unrestrictive opening: normal hemody

namics or mild pulmonary venous hyper
tension.

I restrictive opening: severe pulmonary ve
nous hypertension, pulmonary arterial hy
pertension sometimes reaching or exceed
ing systemic levels.

In the presence of a partially anomalous pul
monary venous connection and/or of a com
munication between the proximal (superior)
left atrial chamber and the right atrium,
there is left-to-right shunt at the atrial level,
with volume overload of the right heart, and
increased pulmonary blood flow.

I Diagnosis

I Clinical pattern:
unrestrictive opening: usually asympto
matic;

- restrictive opening: presentation early in
the neonatal period with evidence of low
cardiac output syndrome, pulmonary ede
ma, with pallor, poor peripheral pulses,
tachypnea, dyspnea, poor feeding, growth
failure;
in the presence of associated left-to-right
interatrial shunt: congestive heart failure
and/or recurrent upper respiratory infec
tions;
on auscultation: increased pulmonary com
ponent of the second cardiac sound.

Electrocardiogram: right axis deviation,
right atrial enlargement, right ventricular
hypertrophy.

I Chest X-ray: pulmonary venous congestion,
cardiomegaly because of right ventricular
enlargement.

I Echocardiogram: curved diaphragm lying
across the left atrium, dividing it into a
proximal component with the four pulmo-

Fig. 2.1.1. Cor triatriatum: echocardiography. The 4-chamber
view shows the diaphragm dividing the left atrium into two
components: the proximal (superior) left atrial chamber,
above the subdividing diaphragm, receiving the four pulmo
nary veins (SV sinus venosus) and the distal (inferior) left
atrial chamber with the left auricular appendage and the
mitral valve (LA distal (inferior) left atrium, LV left ventricle,
RA right atrium, RV right ventricle, SV sinus venosus (collect
ing the four pulmonary veins)) (photograph courtesy of Dr.
Nicole Sekarski)

Fig. 2.1.2. Cor triatriatum: echocardiography. Transesopha
geal echocardiography showing the membrane dividing the
left atrium into two chambers: the proximal chamber (superi
or and posterior) collecting the pulmonary veins and the dis
tal chamber (inferior and anterior) with the left auricular ap
pendage and the mitral valve (DLAC distal left atrial cham
ber, LAA left auricular appendage, LV left ventricle, PLAC
proximal left atrial chamber, RA right atrium, RV right ventri
cle) (photograph courtesy of Dr. Pierre-Guy Chassot)



nary veins and a distal component with the
fossa ovalis and the left auricular appendage
(Fig. 2.1.1); transesophageal echocardiogra
phy may improve the diagnostic accuracy
(Fig. 2.1.2); the diagnosis, easy in the pres
ence of an isolated lesion, may be very diffi
cult in patients with associated cardiac mal
formations.

I Cardiac catheterization: it confirms the
presence of a marked increase in pulmonary
capillary wedge and pulmonary artery pres
sure; no longer needed to establish the diag
nosis, it may be useful in the presence of as
sociated anomalies and/or to quantitate the
pressure gradient between the two left atrial
components; in older patients may rule out
the presence of pulmonary vascular obstruc
tive disease.

I Indications for surgical treatment

Despite the rare discovery of cor triatriatum
in adults, in the vast majority of patients the
communication between the divided left
atrial chambers is severely restrictive, with
about 75% of non-treated patients with this
defect dying in infancy accordingly with the
natural history.

Therefore, in symptomatic neonates the
presence of a restrictive opening is an ur
gent indication for operation, while in symp
tomatic infants or children there is indica
tion for surgery at the time of diagnosis. In
adults with previously unrecognized diagno
sis there is indication for surgery only in the
presence of symptoms. In older patients the
presence of pulmonary vascular obstructive
disease must be ruled out.

I Surgical treatment
(on cardiopulmonary bypass)

Complete resection of the diaphragm, taking
care not to injure the mitral valve or the in
teratrial septum, with approach from the left
atrium or from the right atrium (through an

(or triatriatum dexter (divided right atrium) I 3

already present or a surgically created in
teratrial communication), depending on the
size of the proximal left atrial chamber and
on the presence of associated anomalies.

In the classical form of cor triatriatum,
the surgical approach through a right atrio
tomy is recommended, with enlargement of
the patent foramen ovale (or interatrial sep
tal defect) to obtain a better exposure of the
left atrial diaphragm. After identification
and complete resection of the diaphragm,
the remaining interatrial communication is
closed with an autologous (or heterologous)
pericardial patch.

In the left atrial approach, the common
pulmonary venous proximal chamber is
opened through a vertical incision anterior
to the pulmonary veins, and the diaphragm
is exposed by appropriate retraction; one or
two radial incisions from the opening of the
diaphragm outward to the atrial wall or in
teratrial septum enhance substantially the
exposure; the diaphragm is excised only
after precise identification of the pulmonary
veins.

I Potential complications

Inadequate membrane resection, residual
atrial septal defect, mitral valve damage, air
embolism, supraventricular arrhythmias; in
neonates and infants postoperative crises of
pulmonary hypertension requiring treatment
are frequent. Pulmonary vein stenosis or
restenosis at the orifice between the proxi
mal and distal left atrial chambers, general
ly due to incomplete resection, are quite
rare.

I Cor triatriatum dexter
(divided right atrium)

Cor triatriatum dexter is a term used to de
scribe the partially divided right atrium. It
is an extremely rare congenital cardiac mal
formation and is rarely diagnosed during life
unless associated with obstruction of the
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Fig.2.1.3. Cor triatriatum dexter (=divided right atrium):
echocardiography. a Pre-operative echocardiography showing
the large Eustachian valve in the right atrium during systole,
in proximity of the tricuspid valve (LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle) b pre-operative
echocardiography in the same patient showing the large Eu
stachian valve in the right atrium during diastole, in the
proximity of the tricuspid valve (reproduced with permission
from Como AF, Bron C, von Segesser LK (1999) Divided right
atrium. Diagnosis by echocardiography, and considerations on
the functional role of the Eustachian valve. Cardiol Young
9:427-429)

usual pathway of blood to the right ventricle,
or with other anomalies on the right heart.

Morphologically the division of the right
atrium is due to the persistent right valve of
the sinus venosus or Eustachian valve; this
valve can persist in part or more extensively.
A large Eustachian valve can obstruct the
blood flow from the inferior vena cava to
the tricuspid valve, reducing the right ven
tricular filling. In the presence of severe ob
struction to the right ventricular filling, par-
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Fig. 2.1.4. Cor triatriatum dexter (=divided right atrium):
surgery. Intraoperative photograph of the same patient of
Fig. 2.1.3 showing the large abnormal Eustachian valve surgi
cally resected from the right atrium (reproduced with permis
sion from Como AF, Bron C, von Segesser LK (1999) Divided
right atrium. Diagnosis by echocardiography, and considera
tions on the functional role of the Eustachian valve. Cardiol
Young 9:427-429)

Fig.2.1.5. Cor triatriatum dexter (=divided right atrium):
echocardiography. Postoperative echocardiography of the
same patient as in Figs. 2.1.3 and 2.1.4 showing the com
plete resection of the Eustachian valve from the right atrium
(LA left atrium LV left ventricle, RA right atrium, RV right
ventricle) (reproduced with permission from Como AF, Bron
C, von Segesser LK (1999) Divided right atrium. Diagnosis by
echocardiography, and considerations on the functional role
of the Eustachian valve. Cardiol Young 9:427-429)

ticularly in association with an atrial septal
defect, the patient can present with cyanosis
and poor development of the right ventricle.
Rarely the only clinical sign is a supraventri
cular arrhythmia, or hepatomegaly. Echocar-



diography (Fig. 2.1.3) is the gold standard
diagnostic procedure. Surgery is indicated in
symptomatic patients, and consists in the
simple resection of the prominent Eusta
chian valve on cardiopulmonary bypass,
through a right atriotomy (Fig. 2.1.4). In the
absence of major associated congenital le
sions, surgery can be contemplated with
good long-term prognosis (Fig. 2.1.5).
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CHAPTER 2.2 Tricuspid atresia

I Incidence

Tricuspid atresia is the 19th most common
congenital heart defect (0.7-1.6% of all con
genital heart defects in clinical series, and
up to 2.9% in autopsy series), but is the
third most common cyanotic malformation
presenting in the neonatal period, after
transposition of the great arteries and tetral
ogy of Fallot. A slight male preponderance
exists for tricuspid atresia, particularly in
the presence of associated ventriculoarterial
discordance.

I Morphology (Fig. 2.2.1)

Tricuspid atresia is characterized by the
complete absence of a direct communication
between the right atrium and the right ven
tricle (= absent right atrioventricular con
nection). Tricuspid atresia may range from
an imperforate membrane (rarely) to the to
tal absence of the valve, with the area re
placed by muscular tissue . The floor of the
right atrium is completely muscular, fre
quently with a tiny dimple (= localized fi
brous thickening) in the middle, and is to
tally separated from the ventricular mass by
the atrioventricular sulcus (= absent of any
potential right atrioventricular connection).
The right atrium is generally dilated, and its
wall thickened, particularly in the rare (less
than 5% of cases) presence of restrictive in
teratrial communication (generally the in
teratrial communication is unrestrictive).
The left atrium and the mitral valve are both
dilated, since they receive both the pulmo-

nary and the systemic venous returns. The
right ventricle is generally poorly developed
(sometimes so small that its detection is dif
ficult), and is characterized by total absence
of the inlet portion and varying degrees of
underdevelopment of the trabecular and
infundibular portions. A ventricular septal
defect, most frequently of muscular type, is
generally present between the hypoplastic
right ventricle and the left ventricle, provid
ing access to the rudimentary right ventricle
and the pulmonary artery. The atrial situs is
almost invariably solitus, and the coronary
arteries are generally normal.

The classification of the various forms of
tricuspid atresia is based on the type of
ventriculoarterial connection and on the
amount of antegrade pulmonary blood flow.

• Type of ventriculoarterial connection:
• type I: normally related great arteries

(=ventriculoarterial concordance) (2/3 of
infants) .

• type II: transposition of the great arteries
(= ventriculoarterial discordance) (1/3 of
infants) (Fig. 2.2.2).

Amount of antegrade pulmonary blood flow:
• type A: absence or severe reduction of

antegrade pulmonary blood flow, because
of pulmonary atresia or stenosis with ab
sent ventricular septal defect (18% of in
fants); the pulmonary circulation can be
totally ductus -dependent.

• type B: balanced antegrade pulmonary
blood flow (52% of infants), resulting
from a moderate degree of obstruction at
the level of the ventricular septal defect,

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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Fig. 2.2.1. Tricuspid atresia: a mor
phology, b pathophysiology, and sur
gery: c superior vena cava to right
pulmonary artery anastomosis, d ex
tra-cardiac total cavopulmonary con
nection

the right ventricular outflow tract and/or
the pulmonary valve, bicuspid in 20% of
patients.

• type C: unrestricted antegrade pulmonary
blood flow (30% of infants), resulting
from absence or minimal degree of ob
struction at the level of the ventricular
septal defect, the right ventricular outflow
tract and/or the pulmonary valve.

I Associated anomalies

Systemic and pulmonary venous connections
are usually normal, with the exception of a
persistent left superior vena cava, present in

15% of patients, and partially unroofed cor
onary sinus with communication between
the coronary sinus and the left atrium (1
5% of cases). An atrial septal defect or
stretched patent foramen ovale is generally
present (the presence of interatrial commu
nication is necessary for survival) and a ven
tricular septal defect is very frequently pre
sent. Ventriculoarterial discordance is pre
sent in 1/3 of the patients. Other associated
cardiac anomalies are pulmonary stenosis,
pulmonary atresia, patent ductus arteriosus),
juxtaposition of the auricular appendages
(present in 10% of patients with ventricu
loarterial discordance), dextrocardia, right
aortic arch, aortic coarctation (very rare in



Fig. 2.2.2. Tricuspid atresia: morphology. Morphology of a
heart with tricuspid atresia, single ventricular chamber of left
ventricular type and ventriculo-arterial discordance (Ao aorta,
LV left ventricle) (photograph courtesy of Dr. Bruno Marino)

patients with ventriculoarterial concordance,
but present in up to 30% of patients with
ventriculoarterial discordance and restrictive
ventricular septal defect).

In 5% of patients there is a very large pro
minent Eustachian valve, partitioning the
right atrium, like in cor triatriatum dexter
(see chapter "Cor triatriatum"). There are
anedoctical reports of tricuspid atresia with
anomalous systemic or pulmonary venous
connections, aortic atresia and truncus ar
teriosus. Situs inversus with ventricular L
loop (mirror imaging pattern) is exceptional.
The mitral valve, generally normal, may have
a double orifice, isolated anterior cleft or
straddling and overriding (see chapter
"Straddling atrioventricular valve"). Extra
cardiac anomalies are present in 13% of
children with tricuspid atresia.

Pathophysiology I 9

I Pathophysiology

In patients with tricuspid atresia the left
ventricle supports the systemic circulation,
either directly (in the presence of normally
related great arteries =ventriculoarterial con
cordance) or indirectly through a ventricular
septal defect and the right ventricular out
flow tract (in the presence of transposed
great arteries =ventriculoarterial discor
dance).

There is an obligatory right-to-left shunt
across the atrial septal defect or stretched
patent foramen ovale (always present), with
complete mixing of systemic and pulmonary
venous return at the left atrial level. There
fore, the first consequence is systemic arteri
al desaturation, present in all patients with
tricuspid atresia, because of the obligatory
mixing of the systemic, coronary and pul
monary venous returns in the left atrium.

Restrictive atrial septal defect is more
common in the presence of transposed great
arteries (=ventriculoarterial discordance) .
Clinical consequences of flow restriction at
the level of the atrial septal defect are low
cardiac output, acidosis and severe cyanosis.

The right ventricle is hypoplastic and re
ceives blood from the left ventricle through
the ventricular septal defect. The left-sided
heart structures (left atrium, mitral valve
and left ventricle) are dilated as a conse
quence of the volume overload due to the
combination of systemic and pulmonary ve
nous return. Despite the pathophysiologic
enlargement, the left ventricular function
generally remains adequate in the early peri
od of the natural history of tricuspid atresia.

Because of the parallel arrangement of the
systemic and pulmonary circulations, the
pathophysiology of tricuspid atresia is simi
lar to the other heart defects with single
ventricle physiology (= functionally univen
tricular heart). The flow to each vascular
bed is dependent upon their respective resis
tance. In tricuspid atresia with normally re
lated great arteries (= ventriculoarterial con
cordance), the antegrade pulmonary blood
flow provided by the left ventricle must tra-
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verse the ventricular septal defect, the right
ventricular outflow tract and the pulmonary
valve: each of these structures (or the com
bination of them) may be responsible for re
ducing the pulmonary blood flow. The de
gree of obstruction to the pulmonary blood
flow varies from none to complete, with
most of neonates having an intermediate de
gree. In the presence of severe (or complete)
obstruction to the antegrade pulmonary
blood flow, the pulmonary circulation is to
tally ductus dependent.

The nature and degree of the obstruction
to the pulmonary blood flow may be dy
namic and may change over time. Variations
in pulmonary vascular resistance and pro
gression of the obstruction at the level of
the ventricular septal defect, the right ventri
cular outflow tract, the pulmonary valve and
the patent ductus arteriosus frequently occur
within the first few weeks of life.

The most critical situations are with the
infant's circulatory balance at one of the two
extremes: either systemic desaturation with
severe cyanosis or pulmonary overcircula
tion with congestive heart failure. The bal
anced pathophysiologic pattern occurs with
a QP/QS (pulmonary-to-systemic blood flow
ratio) between 1.5 and 2.0, resulting in ade
quate systemic oxygenation. Lower QP/QS is
associated with moderate to severe cyanosis,
and higher QP/QS with excessive left ventri
cular volume overload and congestive heart
failure.

A certain degree of left ventricular volume
overloading is present in all patients with
tricuspid atresia, since the left ventricle is
ejecting the entire systemic, coronary and
pulmonary outputs.

In the presence of ventriculoarterial discor
dance there is the potential for either subaor
tic obstruction or pulmonary outflow tract
obstruction, or occasionally the combination
of both. With ventriculoarterial discordance,
while the subaortic obstruction is generally
due to the presence of a restrictive ventricular
septal defect (and rarely to the muscular ob
struction within the underdeveloped right
ventricular outflow tract) and the systemic

obstruction to aortic coarctation (rarely to
aortic arch interruption) with or without aor
tic arch hypoplasia, the obstruction to the
pulmonary blood flow is mostly due to an ob
struction at the level of the hypoplastic right
ventricular infundibulum, usually with un
restrictive ventricular septal defect.

The early natural history of tricuspid atre
sia generally depends upon the degree of ob
struction to the pulmonary blood flow.

I Diagnosis

Clinical pattern: the clinical pattern de
pends upon the type of ventriculoarterial
connection and the presence and degree of
obstruction to the pulmonary blood flow;
- the most common feature is cyanosis, fre

quently progressive, occurring in the first
few weeks or months of life, sometimes
with hypoxic spells; severe cyanosis can
be present shortly after birth, in the neo
nates with ductus-dependent pulmonary
blood flow;
neonates may rarely present with low car
diac output, poor peripheral pulses, fast
breathing, gray color, prominent neck ve
nous pulsations and hepatomegaly, mostly
because of restrictive interatrial communi
cation and/or systemic obstruction at the
level of the aortic arch;
a smaller proportion of infants present at
2-4 months of age with minimal cyanosis
but with signs and symptoms of heart
failure: dyspnea, tachypnea, tachycardia,
fatigue, difficulty in feeding, poor weight
gain and perspiration;
very frequent is the finding of a loud, harsh
systolic murmur from the ventricular septal
defect or the right ventricular outflow tract;
in the presence of associated pulmonary
atresia, first and second sounds are com
bined to a single sound.

I Electrocardiogram: very important left axis
deviation (with the frontal QRS axis usually
from 0° to -90° in the frontal plane) , left
ventricular hypertrophy (increase in the am-



plitude of S waves in leads VI and V2) and
right atrial enlargement (tall and peaked P
waves); normal QRS axis, without left axis
deviation, is present in 50% of patients with
ventriculoarterial discordance.

I Chest X-ray: it is not diagnostic; the cardi
ac size and the pulmonary vascular mark
ings depend upon the pathophysiologic pat
tern, with only the right atrium generally di
lated, independent of the pathophysiology.

Echocardiogram: it allows definitive diag
nosis (Fig. 2.2.3); cross-sectional and Dop
pler investigations in apical and subcostal 4
chamber views allows the recognition of the
absent right atrioventricular connection, the
presence and size of the atrial and ventricu
lar septal defects, the type of ventriculoarte
rial connection and the presence of obstruc
tion to the pulmonary or systemic blood
flow.

Fig. 2.2.3. Tricuspid atresia: echocardiography. The 4-chamber
view showing theabsence of the right atrioventricular connec
tion; the muscular tissue of the right atrioventricular sulcus
(white star) separates theright atrium from the right ventricle.
(LA left atrium, LV left ventricle, RA right atrium, RV right ven
tricle) (photograph courtesy of Dr. Michael Rigby)

Indications for surgical treatment I 11

I Cardiac catheterization: in the neonatal per
iod is inrlicated in the presence of restrictive
atrial septal defect, in order to perform a bal
loon atric iseptectomy (= Rashkind procedure),
in the pr esence of discrepancies between the
echocardiographic diagnosis and the clinical
pattern, cr with insufficient data from the
non-invas ive investigations (Fig. 2.2.4); later
it is performed to evaluate the pulmonary vas
cular resistance in view of a cavopulmonary
connectio:1, or for percutaneous management
of localized narrowing of the branches of the
pulmonary arteries.

I Indications for surgical treatment

Without treatment, patients with tricuspid
atresia ha ve only a IO% chance of survival
beyond the first year oflife. The final goal is
to perform a univentricular type of repair,
with a modified Fontan procedure or total
cavopulmi ianry connection (see chapter
"Single ventricle"). The timing and the type
of the in itial palliation depends upon the
amount 01' antegrade pulmonary blood flow.

In the }resence of ductus-dependent pul 
monary blood flow, after medical treatment
with administration of prostaglandins for sta
bilization of the clinical condition, a systemic
to-pulmorary artery shunt (modified Blalock
Taussig shunt: see chapter: "Tetralogy of Pal
lot") is ret[uired in the neonatal period.

In the presence of reduced pulmonary
blood flow, the majority of infants require a
systernic-t o-pulmonary artery shunt, and the
timing of intervention is correlated with the
severity and the progression of the obstruc
tion to the pulmonary blood flow. Neverthe
less, about 20% of infants with more balanced
pulmonary circulation do not require a sys
temic-to-pulmonary artery shunt, but are can
didate to a cavopulmonary connection (= bi
directional Glenn; see chapter "Single ventri
cle") as first stage of their surgical treatment.

In the presence of unrestricted antegrade
pulmonary blood flow, pulmonary artery
banding (see chapter "Ventricular septal de
fect") is required to reduce the distal pulmo-
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c

nary artery pressure and flow, in order to
protect the pulmonary vascular bed and to
preserve the function of the left ventricle for
a future total cavopulmonary connection
(see chapter "Single ventricle").

In the presence of a concordant a ventri
culoarterial connection, a potential surgical
option utilized in the past, and recently
taken again into consideration, thanks to the
extended application of the one-and-half
ventricular type of repair (see chapter "Eb
stein's anomaly"), is the closure of atrial and
ventricular septal defects, with end-to-side
anastomosis of the superior vena cava to
the right pulmonary artery (= bidirectional
Glenn) and the connection of the hypoplas 
tic subpulmonary chamber to the pulmonary
artery. This surgical approach, utilizing the
subpulmonary chamber to pump the return
from the inferior vena cava into the pulmo
nary circulation, has the advantages of the
one-and-half ventricular type of repair: pul
satile flow in the pulmonary arteries, low
pressure in the right atrium, coronary sinus
and splanchnic venous system. The disad
vantage of leaving the right atrium within
this type of cavopulmonary connection must
be balanced against the advantage of incor
porating a pumping chamber, even if rela
tively small, into the right-sided circulation.

In neonates with tricuspid atresia with a
discordant ventriculoarterial connection, re
strictive ventricular septal defect (therefore
with systemic obstruction, with or without
associated obstruction at the level of the
aortic arch and/or isthmus) and pulmonary
hypertension, pulmonary artery banding is
contraindicated because it will accelerate the
development of subaortic obstruction and
the ventricular hypertrophy (contraindica-

Fig. 2.2.4. Tricuspid atresia: angiocardiography. Left ventricu
lar injection showing a ventricular septal defect opacification
of a very small subpulmonary right ventricular chamber with
ventriculoarterial concordance: a anteroposterior view, b left
anterior oblique view, c lateral view (AD aorta, LPA left pul
monary artery, LV left ventricle, MPA main pulmonary artery,
RPA right pulmonary artery, RV right ventricle)



tion for a successful future total cavopul
monary connection). In these cases the sur
gical treatment consists in a Norwood first
stage procedure (see chapter "Hypoplastic
left heart syndrome"), converting the patient
into one with unobstructed systemic blood
flow and pulmonary atresia (treated with
either a modified Blalock-Taussig shunt or
the Sano modification; see chapter "Hypo
plastic left heart syndrome"). Another po
tential option (less frequently used because
of the above reasons) is the surgical enlarge
ment of the ventricular septal defect with or
without subaortic resection, to reduce the
obstruction to the systemic blood flow, asso
ciated with pulmonary artery banding.

I Surgical treatment

• Modified Blalock-Taussig shunt: see chap
ter "Tetralogy of Fallot".

• Pulmonary artery banding: see chapter
"Single ventricle".

• Bidirectional Glenn (Figs. 2.2.5 and 2.2.6)
or Hemi-Fontan: see chapter "Single ven
tricle".

Fig. 2.2.5. Tricuspid atresia: surgery. Bidirectional Glenn. In
traoperative photograph of a bidirectional Glenn, with end
to-side anastomosis of the superior vena cava to the right
pulmonary artery, exposed by retraction of the right auricular
appendage, after removal of all cardiopulmonary bypass can
nulas, with the exception of the aortic cannula (Ao aorta,
Aoe aortic cannula, RAA right auricular appendage, RPA right
pulmonary artery, SVC superior vena cava)

Surgical treatment I 13

Fig. 2.2.6. Tricuspid atresia: surgery. Post-operative angiogra
phy after end-to-side anastomosis of the superior vena cava
to the right pulmonary artery (= bidirectional Glenn) in the
anteroposterior view with contrast injection in the superior
vena cava, showing opacification of both pulmonary arteries
(LPA left pulmonary artery, RPA right pulmonary artery,
SVC superior vena cava)

• Modified Fontan procedure or total cavo
pulmonary connection : see chapter "Single
ventricle" .

• One-and-a-half ventricular repair: this sur
gical approach, performed on cardiopul
monary bypass, consists in the confection
of a bidirectional Glenn: end-to-side anas
tomosis between the proximal stump of
the superior vena cava transacted at the lev
el of the cavoatrial junction (preserving in
tact the sinus node, and its artery) and the
upper aspect of the right pulmonary artery,
opened with either a longitudinal or trans
versal incision (according to the surgeon's
preference). The atrial and ventricular
septal defects, respectively, approached
through a right atriotomy and a longitudi
nal incision of the subpulmonary chamber,
are closed with separated patches (pericar
dium, PTFE, Dacron or Teflon), and then
the right atrium is connected with the sub
pulmonary chamber with interposition of a
valved conduit. In the presence of asso
ciated pulmonary valve stenosis, a pulmo
nary valvotomy is required. In the presence
of a hypoplastic pulmonary valve annulus,
the incision of the subpulmonary chamber
is prolonged becoming a transannular
opening, and the distal end of the conduit
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Fig. 2.2.7. Tricuspid atresia: surgery. Intraoperative photo
graph of one-and-a-half ventricular repair. a Preparation with
stay sutures for longitudinal incision of the small subpulmo
nary right ventricular chamber in the direction of the pulmo
nary artery (/VCe inferior vena cava cannula, MPA main pul
monary artery, RV right ventricle, SVCe superior vena cava
cannula), b initial longitudinal incision of the small subpul
monary right ventricular chamber in the direction of the pul
monary artery with the knife, c extension with scissors of
the longitudinal incision of the small subpulmonary right
ventricular chamber in direction of the pulmonary artery,
d initial exposure of the ventricular septal defect, with a
fibrous edge, through the longitudinal incision of the small

subpulmonary right ventricular chamber (VSD ventricular sep
tal defect), e complete exposure of the ventricular septal de
fect through the longitudinal incision of the small subpul
monary right ventricular chamber, f initial patch closure of
the ventricular septal defect (Ao aorta, Aoe aortic cannula,
p patch), g completed patch closure of the ventricular septal
defect, h distal anastomosis of a Dacron conduit with a
biological valve on the edge of the right ventriculotomy
(VC valved conduit), i completed implantation of the Dacron
conduit with a biological valve from the right atrium to the
subpulmonary right ventricular chamber (CV conduit valve,
DA distal anastomosis, PA proximal anastomosis)



is anastomosed to both the subpulmonary
chamber and the wall of the pulmonary ar
tery (Fig. 2.2.7).

• Subaortic resection: the technique, on car
diopulmonary bypass, consists of a longi
tudinal incision of the subaortic right ven
tricular outlet chamber in the direction of
the ascending aorta, of course avoiding
major coronary artery branches. After
careful identification of the ventricular
septal defect (= bulboventricular foramen) ,
a full-thickness of interventricular septum
is resected from the anterosuperior aspect
of the defect, on the opposite side of the
conduction tissue, carefully avoiding le
sions to the adjacent aortic valve. Subaor
tic resection is completed with excision of
obstructing muscle bundles, and the out
let chamber is further enlarged by patch
(autologous or heterologous pericardium,
PTFE) closure of the incision.

I Potential complications

• Modified Blalock-Taussig shunt: see chap
ter "Tetralogy of Fallot".

• Pulmonary artery banding: see chapter
"Single ventricle".

• Bidirectional Glenn or Hemi-Fontan: see
chapter "Single ventricle".

• Modified Fontan procedure or total cavo
pulmonary connection: see chapter "Single
ventricle" .

• Subaortic resection: complete atrioventri
cular block should occur very rarely,
while the risk for either residual or recur
rent subaortic obstruction is higher.
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CHAPTER 2.3 Single ventricle

I Incidence

Single ventricle is reported with an inci
dence varying between 0.87 and 1.27 in
10,000 newborns. No sex prevalence is re
ported.

I Morphology (Fig. 2.3.1)

Single ventricle (or univentricular heart) is
considered a congenital cardiac malforma
tion in which both atria connect to only one
ventricular chamber by either two separate
atrioventricular valves (double inlet) or a
common atrioventricular valve (common in
let). The ventricle to which both atrioventri
cular valves or a common atrioventricular
valve connects is generally well formed,
whereas the ventricle not receiving the larg
est amount of the venous return to the heart
is often a rudimentary chamber.

By definition, the term double inlet single
ventricle is used only if more than 50% of
the overriding valve lies over the main ven
tricular chamber. When both atrioventricu
lar valves are present, they often cannot be
designated as either mitral or tricuspid, and
are commonly straddling or stenotic. When
there is a common atrioventricular valve, it
presents frequently with regurgitation.

Most of the hearts described as "single
ventricle" or "univentricular heart" in reality
possess two ventricular chambers, with one
main (dominant) chamber and a second (in
complete) rudimentary chamber which lacks
one or more of its components (generally
the inlet, but occasionally also the outlet) .

There are three basic patterns of ventricu
lar morphology:
• main ventricular chamber of left ventricu

lar morphology, with rudimentary right
ventricle (= single ventricle of left ventri
cular type),

• main ventricular chamber of right ventri
cular morphology, with or without a rudi
mentary left ventricle (= single ventricle of
right ventricular type),

• single ventricular chamber of indetermi
nate morphology.

The combination of the type of inlet (double
inlet or common inlet) with the type of ven
tricular morphology (left, right or indeter
minate) provide a variety of univentricular
atrioventricular connections. This variety is
further more complicated when other mor
phological variables are taken in considera
tion, like the cardiac position (levocardia,
mesocardia or dextrocardia), the atrial situs
(solitus, inversus, right or left isomerism),
the ventriculoarterial connections, the spa
tial relationship between the main chamber
and the rudimentary chamber, and the asso
ciated cardiac anomalies.

The most frequent arrangement is the
main chamber of left ventricular morphol
ogy (Figs. 2.3.2 and 2.3.3) with a rudimen
tary chamber of right ventricular morphol
ogy (= single ventricle of left ventricular
type).

The rudimentary chamber is separated
from the main chamber by a septum that
does not extend to the crux of the heart,
and is connected to the main chamber via a
ventricular septal defect, variously described

A. F. Corno, Congenital Heart Defects
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Fig. 2.3.1. Single ventricle: a mor
phology, b pathophysiology, and
surgery: c superior vena cava to right
pulmonary artery anastomosis, and
d extracardiac total cavopulmonary
connection

with interchangeable terms as outlet fora
men, interventricular foramen, or bulboven
tricular foramen. Since these hearts do not
have a membranous septum, the ventricular
septal defect is generally of completely mus
cular type, with the potential reduction in
size typical of the muscular ventricular sep
tal defect in biventricular hearts. In order to
evaluate the size of the ventricular septal de
fect, and to define whether its size is restric
tive or unrestrictive, generally its dimen
sions are related to the size of the corre
sponding aortic root.

The second chamber is of right ventricle
morphology, is always anterior, and is lo
cated either to the left or the right. The size

of the outlet chamber is related to the degree
of development and straddling of the tri
cuspid valve, in addition to the size of the
ventricular septal defect. The ventriculoar
terial connections are most commonly dis
cordant and more rarely concordant. Unusu
al forms of ventriculoarterial connections in
double inlet ventricle include double outlet
or single outlet (= pulmonary atresia).

Outflow obstruction to the pulmonary ar
tery is common, and is the most important
determinant of the clinical course. The ob
struction may be subvalvular and/or valvu
lar (hypoplastic annulus and/or thickened
leaflets), or may be complete (=pulmonary
atresia). In the presence of ventriculoarterial



Fig. 2.3.2. Single ventricle: morphology. Specimen of a heart
with double inlet single ventricle of left ventricular morphol
ogy, with complete absence of an interventricular septum
between the two atrioventricular valves ( LA left atrium, RA
right atrium, SV single ventricle) (reproduced with permission
from Marino B, Thiene G (1990) Atlante di anatomia ecocar
diografica delle cardiopatie congenite, USES, Firenze)

concordance the obstruction, mostly dy
namic, due to infundibular narrowing, is
generally localized at the subvalvular level.
In hearts with ventriculoarterial discordance
the obstruction of the pulmonary blood flow
is generally due to the presence of a restric
tive ventricular septal defect.

Obstruction to the systemic outflow can
occur at the subvalvular level and/or the lev
el of the aortic arch and/or isthmus, or at
multiple levels. Usually it occurs at the level
of the ventricular septal defect in hearts with
discordant ventriculo-arterial connections;
in fact, in these patients the presence of aor
tic coarctation and/or aortic arch hypoplasia
is a strong marker for the presence of a re
strictive ventricular septal defect.

The conduction tissues, as seen in relation
ship to the ventricular septal defect, have a di
rectly comparable arrangement to that seen in
tricuspid atresia. Unlike tricuspid atresia,
however, the AV node is situated anteriorly
within the right atrioventricular orifice rather
than within the atrial septum. This arrange-
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Fig. 2.3.3. Single ventricle: morphology. a Specimen of a
heart with dextrocardia, single ventricle of left ventricular
morphology, with double inlet because of the presence of
mitral valve and imperforated tricuspid valve, and a blind
sinus of right ventricular morphology (MC main chamber,
MV mitral valve, RC rudimentary chamber, RVS right ventricu
lar sinus, TV tricuspid valve), b specimen of the same heart
as in a showing the right atrium with imperforated tricuspid
valve (RA right atrium) (reproduced with permission from
Como AF, Casolo F, Fancini p, Guffanti MC, Thiene G (1979)
Coesistenza di cuore univentricolare sinistro con seno ventri
colare destro. Progr Cardiol Pediat 157-162)

ment is seen irrespective of whether the rudi
mentary right ventricle is right or left-sided.
The position of the rudimentary ventricle af
fects only the relationship of the atrioventri
cular bundle to the outflow tract from the
dominant left ventricle. From the surgical
point of view, the atrioventricular node can
be anywhere around the perimeter of the
right -sided (=draining the right -sided at
rium) atrioventricular valve.
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I Associated anomalies

Associated cardiac anomalies occur in about
one-third of cases with double inlet. Anoma
lous pulmonary and/or systemic venous con
nection are relatively frequent, particularly
in patients with atrial isomerism (see chap
ter "Isomerism"); the most frequent are per
sistent left superior vena cava, interruption
of the inferior vena cava, and partial or total
anomalous pulmonary venous connection.
Malformations of the atrioventricular valves
are also quite common, including straddling,
leaflet dysplasia, leaflet cleft and tags, and
annular hypoplasia. Aortic arch anomalies
such as coarctation, interrupted aortic arch
and hypoplastic aortic arch are strongly as
sociated with a restrictive ventricular septal
defect in cases in which the aorta arises
from the rudimentary chamber (= ventricu
loarterial discordance).

I Pathophysiology

Functional definition of a single ventricle in
cludes different morphological conditions
with one of the two ventricles too small to
allow for survival with the two circulations
in series: desaturated systemic venous return
pumped by a ventricle to the pulmonary cir
culation and oxygenated pulmonary venous
return pumped by the other ventricle to the
aorta. This definition of "functionally uni
ventricular hearts", widely used in the litera
ture of last few decades, includes malforma
tions like tricuspid atresia and mitral atresia,
not considered in this chapter.

Lack of a separation between the pulmo
nary and systemic circulations causes ob
vious cyanosis, with the severity depending
upon the degree of obstruction to the pul
monary blood flow. There are several impor
tant hemodynamic variables in single ventri
cle, including the degree of mixing at the
atrial level (poor, moderate or complete), the
degree of outlet obstruction, and the pres
ence of atrioventricular valve malfunction.

In single ventricle, mixing of systemic and
pulmonary venous return occurs in the main
ventricular chamber; this may result in
nearly equal oxygen saturation in the aorta

:: and the pulmonary artery (complete mixing).
. In some cases, streaming of blood within
the ventricle results in a substantial differ
ence in oxygen saturation between the aorta
and the pulmonary artery. The streaming
may be favorable, with aortic saturation
being greater than pulmonary arterial satu
ration, or unfavorable, with pulmonary satu
ration being greater than aortic (= hemody
namics of transposition of the great ar
teries).

The degree of saturation is also influenced
by the presence and severity of pulmonary
stenosis, the single most important determi
nant of the clinical course. In the absence of
obstruction to the pulmonary blood flow,
the presence of systemic obstruction is also
important, although less common, and al
most always due to subvalvular stenosis at
the level of the ventricular septal defect or
bulboventricular foramen, more or less asso
ciated with hypoplastic aortic arch, aortic
coarctation or aortic arch interruption.

Severe atrioventricular valve stenosis or
regurgitation is hemodynamically important
if the atrial septum is intact or the atrial
septal defect is restrictive, in which case the
venous return may be restricted or ob
structed.

An important point to consider regarding
the pathophysiology of hearts with a single
ventricle is the transformation in form and
function they may undergo over time. These
changes are related to modifications at the
following levels:
• effective size of the ventricular septal de

fect
• progression in the obstruction to either

the systemic or the pulmonary blood flow
• progression of the atrioventricular valve(s)

regurgitation
• progressing ventricular hypertrophy, with

the subsequent reduced ventricular com
pliance and impaired diastolic function

• impaired systolic ventricular function



• progressive atrioventricular conduction
disturbances, including complete atrio
ventricular block

• progressive left atrial hypertension, conse
quent to restrictive interatrial communica
tion and/or obstructed atrioventricular
junction

• progress towards pulmonary vascular ob
structive disease

I Diagnosis

Clinical pattern: there are different patterns
of presentation, occurring in the neonatal
period or during early infancy, depending
upon the amount of pulmonary blood flow;
- neonates with ductus-dependent pulmo-

nary blood flow because of the presence
of pulmonary atresia, typically present
shortly after birth with severe cyanosis,
while neonates with reduced pulmonary
blood flow due to pulmonary stenosis
generally present with cyanosis within the
first week of life;
children with increased pulmonary blood
flow usually present within the first few
months of life;
patients with balanced pulmonary blood
flow may present much later in life with
only mild cyanosis;
cyanosis is more evident in cases with ob
structed pulmonary blood flow, while con
gestive cardiac failure is more common in
those with unrestricted pulmonary blood
flow;
severe atrioventricular valve regurgitation
results in elevated atrial pressure and the
early appearance of congestive heart fail
ure;
systemic obstruction is accompanied by
the signs of poor peripheral perfusion,
with weak peripheral pulses, rapid breath
ing, lethargy, poor feeding, oliguria, meta
bolic acidosis;
the second heart sound is generally single
and accentuated; outlet obstruction is ac
companied by systolic ejection murmur.
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• Electrocardiogram: R/S or r/S pattern from
V4R to V6 is suggestive of a single ventricle;
septal Q wave in the right precordial leads
in cases with a single ventricle of the left
ventricular type; qR pattern in the right pre
cordial leads and r/S in the left precordial
leads in cases with a single ventricle of the
right ventricular type.

Chest X-ray: variable accordingly with the
hemodynamic pattern, particularly with the
presence and degree of obstruction to the
pulmonary blood flow; cardiomegaly is as
sociated with markedly increased pulmonary
blood flow or with substantial atrioventricu
lar valve regurgitation or with important
ventricular dysfunction; severe pulmonary
edema is associated with an obstructed total
anomalous pulmonary venous connection or
with restrictive interatrial communication in
the presence of stenosis of the left atrio-ven
tricular valve.

• Echocardiogram: most of the main features
of a single ventricle can be defined by echo
cardiography with a combination of apical
4-chamber and parasternal long-axis views
and precordial and subcostal 4-chamber and
short-axis views (Figs. 2.3.4-2.3.6), in partie-

Fig. 2.3.4. Single ventricle: echocardiography. Oblique right
subxiphoid view showing the connection between the right
atrium and the single ventricular chamber, with obstruction
to the pulmonary outflow and small right pulmonary artery
(asterisk) (A aorta, MC main ventricular chamber, DC outlet
ventricular chamber, P pulmonary artery, RA right atrium) (re
produced with permission from Marino B, Thiene G (1990)
Atlante di anatomia ecocardiografica delle cardiopatie conge
nite, USES, Firenze)
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Fig. 2.3.5. Single ventricle: echocardiography. a 4-chamber
view showing a single ventricle ofthe left ventricular type with
a common atrioventricular valve (white arrows) (LA left atrium,
LV left ventricle, RA right atrium), b short-axis view in the
same patient showing the single ventricle of the left ventri
cular type with the common atrioventricular valve (CAW com
mon atrioventricular valve, LV left ventricle, RV right ventricle)
(photographs courtesy of Dr. Michael Rigby)

ular the presence and degree of subpulmon
ary obstruction, the presence and degree of
systemic obstruction (subaortic, at the level
of aortic arch or aortic isthmus), and the
presence and degree of atrio-ventricular
valve regurgitation.

• Cardiac catheterization: in most case it is
utilized to integrate the information pro
vided by echocardiography, particularly re
garding the hemodynamics; important left
atrioventricular valvular stenosis should be

Fig. 2.3.6. Single ventricle: echocardiography. a 4-chamber
view showing a double inlet single ventricle of left ventricu
lar type (LA left atrium, LAW left atrioventricular valve,
LV left ventricle, RA right atrium, RAW right atrioventricular
valve), b short-axis view in the same patient showing a dou
ble inlet single ventricle of the left ventricular type (photo
graphs courtesy of Dr. Michael Rigby)

determined, as its presence necessitates bal
loon atrial septectomy (= Rashkind proce
dure); pulmonary arterial pressures and re
sistance must be evaluated, since the choice
of the operative therapy is largely dictated
by the presence and degree of pulmonary
stenosis or pulmonary hypertension; the
presence and degree of subaortic obstruc
tion must be evaluated, sometimes with
pharmacological intervention (isoprenaline
administration) to "unmask" dynamic sub
aortic obstruction.



I Indications for surgical treatment

The estimated overall survival without treat
ment of patients born with a single ventricle
is about 57% at 1 year and 45% at 5 years,
although some subjects with balanced circu
lations may have more favorable prognosis.

Medical management is largely restricted
to the management of congestive cardiac
failure in cases with unrestricted pulmonary
blood flow, or to the use of prostaglandins
in neonates with ductus-dependent pulmo
nary blood flow because of critical pulmo
nary stenosis or pulmonary atresia, or with
ductus-dependent systemic distal perfusion
because of severe obstruction or interrup
tion of the aortic arch .

Occasionally, percutaneous balloon or
blade atrial septostomy is required to relieve
pulmonary venous obstruction in cases with
left-sided atrioventricular valve stenosis and
an intact atrial septum or restrictive atrial
septal defect.

Ideally, surgical treatment consists of com
plete separation of the systemic and pulmo
nary circulation.

I Fontan type circulation
The surgical treatment is generally directed
by the ultimate goal of achieving a Fontan
type of circulation, with complete separation
of the systemic from the pulmonary circula
tion, by deviating the desaturated systemic
venous return from the superior and inferior
vena cava directly to the pulmonary arteries
(without a pumping chamber), and by using
the single ventricle to pump the oxygenated
pulmonary venous return to the aorta. The
Fontan type of circulation, being highly de
pendent on the presence of key physiological
conditions, requires a plan of staged-recon
struction in order to obtain and maintain
several features necessary for the adequate
functioning of the Fontan circulation:
• the single ventricle, the only pumping

chamber available, needs to have adequate
systolic (=contractility) (ejection fraction
not lower than 45%) and diastolic functions
(=compliance) (end-diastolic ventricular
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pressure not higher than 15 mmHg in the
absence of severe atrioventricular valve re
gurgitation); therefore either volume over
load as well as pressure overload have to
be avoided, particularly in the long term;

• the atrioventricular valve(s) must be pre
served or repaired if needed, since either
atrioventricular valve regurgitation or ste
nosis can impair the ventricular function
on the one hand and present an obstacle
to the pulmonary venous return on the
other hand,

• any systemic obstruction (either subaortic
or at the level of the aortic arch and/or
isthmus) must be relieved,

• the pulmonary arteries must grow with
normal size (McGoon index higher than
0.75) and morphology, without stenosis
and/or distortion, and with low pulmo
nary artery pressure (mean pressure lower
than 15-20 mmHg) and pulmonary vascu
lar resistance (less than 4 units/rrr' of
BSA), in order to allow unimpeded blood
flow from the superior and vena cava
through the lungs,

• the normal sinus rhythm must be pre
served, because absence of sinus rhythm
reduces the ventricular performance.

Staged-reconstruction consists of three
stages, the first being a palliative procedure
in which the systemic and pulmonary circu
lations are usually placed in parallel, the sec
ond stage consisting of a superior cavopul
monary anastomosis (= bidirectional Glenn),
and the final stage being conversion to a to
tal cavopulmonary connection (Fontan phys
iology). The QP:QS (= pulmonary-to-sys
temic blood flow ratio) for the three stages
are typically 2-3:1, 0.5:1, and 1:1.

Infants with restricted pulmonary blood
flow and no subaortic stenosis or left ventri
cular outflow tract obstruction are treated
with a systemic-to-pulmonary artery shunt.
Pulmonary artery reconstruction mayor
may not be required depending on the pres
ence of discontinuous pulmonary arteries,
pulmonary artery stenosis or distortion, or
significant aortopulmonary collaterals .
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Infants with a univentricular atrioventri
cular connection and left ventricular outflow
tract obstruction are considered for a modi
fied Damus-Kaye-Stansel procedure (see
chapter "Transposition of the great arteries")
in which the two great arteries are connected
proximally, and the pulmonary blood flow is
provided by a systemic-pulmonary shunt
(first stage), followed by a superior cavopul
monary anastomosis (= bidirectional Glenn,
second stage), and then by a total cavopul
monary connection (= modified Fontan pro 
cedure, third stage).

If the left ventricular outflow tract ob
struction extends into the aortic arch (hypo
plastic aortic arch) or aortic isthmus and
descending thoracic aorta (aortic coarcta
tion), a Norwood procedure (see chapter
"Hypoplastic left heart") is required in order
to relieve the distal systemic obstruction.

Finally, the arterial switch operation has
also been utilized, transforming the subaor
tic stenosis to subpulmonary stenosis and
thereby theoretically protecting the pulmo
nary vascular bed. Many of the cases under
going the arterial switch operation for a uni
ventricular atrioventricular connection ulti
mately require a systemic-to-pulmonary ar
tery shunt because of the inadequate pulmo
nary blood flow, reducing the possibilities of
an ultimate Fontan-type operation.

Patients with unrestricted pulmonary
blood flow and without subaortic stenosis or
left ventricular outflow tract obstruction
may initially be palliated with pulmonary ar
tery banding. Drawbacks to this procedure
are the potential for pulmonary artery dis
tortion, development of pulmonary valvular
regurgitation or damage to the pulmonary
valve, progressive ventricular hypertrophy,
decreased ventricular compliance, and devel
opment of subvalvular aortic stenosis. The
latter may result from both ventricular hy
pertrophy and geometric changes to the left
ventricle. Pulmonary artery banding may
therefore increase the risk of a subsequent
Fontan-type procedure.

In patients coming to observation too late,
with severe pulmonary hypertension and a

Fig. 2.3.7. Single ventricle. a Intraoperative photograph of a
patient with late referral, with severe pulmonary hyperten
sion, and a very dilated pulmonary artery, showing the ratio
between the diameter of the two great arteries, (Ao aorta,
PA pulmonary artery), b intraoperative photograph of the
same patient showing the open lung biopsy of the lingual,
controlled with a vascular clamp under inflation with positive
pressure ventilation

huge and dilated pulmonary artery, an open
lung biopsy (Fig. 2.3.7) may be necessary to
quantitate the pulmonary vascular lesions in
order to facilitate the following decision-mak
ing process with regard to the best palliative
treatment (progressive pulmonary artery
banding, palliative atrial or arterial switch to
improve the oxygenation, or other).

Direct surgical enlargement of the ventri
cular septal defect with enlargement or re
section of the infundibular septum may be
required depending on the degree of restric-



tion of the subaortic stenosis. Atrial septec
tomy may be required in cases with stenosis
of the left atrioventricular valve or those
with an intact or nearly intact atrial septum.

The second stage operation, the bidirec
tional Glenn procedure, consists of the divi
sion of the superior vena cava corresponding
with the cavoatrial junction (preserving the
sinus node and its artery) and its end-to
side anastomosis to the upper aspect of the
right pulmonary artery.

A bilateral bidirectional Glenn procedure
(= end-to-side anastomosis, respectively, of
the right superior vena cava to the right pul
monary artery and of the left superior vena
cava to the left pulmonary artery) is required
in patients with persistent left superior vena
cava. The bidirectional Glenn procedure can
generally be performed at 4-6 mon~hs of lif~,

when the pulmonary vascular resistance IS

usually sufficiently low to accommodate ap
proximately one third of the systemic venous
return in addition to the antegrade pulmonary
blood flow. Insufficient pulmonary blood flow
may be increased by the addition of a small
systemic-to-pulmonary artery shunt.

The advantages of the bidirectional Glenn
procedure are the following:
• reduced ventricular volume overload, by

reducing the systemic venous return of
35-40% (the return from the superior
vena cava),

• reduced blood flow through the atrio-ven
tricular valve(s),

• increased total pulmonary blood flow and
effective pulmonary blood flow, by deviat 
ing the most desaturated blood (the supe
rior vena cava return) directly through
the pulmonary arteries, thereby reducing
the cyanosis,

• avoid the adaptation of the single ventricu
lar chamber to the suddenly reduced ven
tricular filling required for the single stage
modified Fontan procedure, with the subse
quent reduced ventricular compl.iance ~nd

poor functioning of the Fontan circulation,
• preparation for later completion of the total

cavopulmonary connection, without need
for any period of myocardial ischemia,
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• being a direct anastomosis between two
native vessels, it has the potential for
growing with the child.

A surgical alternative to the bidirectional
Glenn procedure is the Hemi-Fontan opera
tion, consisting in the connection of the su
perior vena cava and the superior portio~ of
the right atrium to both pulmonary artenes,
augmentation of the central pulmonary ~r

teries, occlusion of the inflow of the supenor
vena cava to the right atrium and elimina
tion of the other sources of pulmonary
blood flow.

Hemi-Fontan operation:
• advantages: the hemodynamics obtained

is exactly the same as after a bidirectional
Glenn procedure, with the only difference
being that in this case all the other
sources of pulmonary blood flow are
eliminated; this could be seen as an ad
vantage with regard to the ventricular vol
ume overload, but a potential disadvan
tage in patients with pulmonary arteri~s

of relatively small size because of subopti
mal pulmonary artery growth, since only
40% of the systemic venous return per
fuses the pulmonary circulation until the
completion of the Fontan operation; this
potential disadvantage should be compen
sated for by the direct enlargement of the
central pulmonary arteries;

• disadvantages: the procedure requires cardi
opulmonary bypass with aorti~ c~oss cla~p

(therefore a period of myocardial ischemia),
biological or prosthetic materi~ls for cen~ral

pulmonary arteries augme~tatIOn, sut~n?,g

lines in correspondence or III the proximity
of the sinus node or its artery (with the rel
ative risk of early or late supraventricular
arrhythmias), and it offers the possibility
for later conversion to a total cavopulmon
ary connection with a lateral tunnel tech
nique (sometimes even without cardiopul
monary bypass), but it complicates the pos
sibility of an extracardiac inferior vena cava
to pulmonary artery connection.

Conversion to a Fontan operation (total
cavopulmonary connection) completes the
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single-ventricle pathway in cases with un
restricted pulmonary blood flow.

Total cavopulmonary connection nowadays
is achieved with one of the two following
techniques: a lateral tunnel or an extracar
diac inferior vena cava to the pulmonary ar
tery connection. Both the lateral tunnel and
the extracardiac connection present the same
advantages as the abandoned techniques of
atriopulmonary connection:
• the hemodynamics offers substantial im

provement in terms of energy conserva
tion, thanks to reduced flow turbulence,

• both techniques are easy to reproduce and
suitable for all types of atrioventricular
valve arrangements,

• the coronary sinus remains in the lower
pressure left atrial chamber.

Advantages of the extracardiac total cavopul
monary connection compared with the in
teratrial lateral tunnel technique:
• no myocardial ischemic period is needed,

because it can be performed on the beat
ing heart, therefore without aortic cross
clamping, and even without cardiopul
monary bypass,

• hemodynamics benefits due to the maxi
mized laminar flow principle,

• no need for intraatrial incisions and su
tures, with a subsequent reduction of su
praventricular arrhythmias

• applicability to situations with anomalous
pulmonary and/or systemic venous con
nection, with subsequent reduction of ob
struction to the pulmonary and/or sys
temic venous return,

• the fenestration can be easily performed
off-bypass.

A relative disadvantage of the extracardiac
connection is that, in order to implant an
extracardiac conduit of adequate size (18-20
mm diameter), the ideal age for the opera
tion is slightly higher than that for the lat
eral tunnel technique.

Both of the above techniques can be per
formed with the addition of a fenestration,
consisting in an incomplete atrial partition
ing, or connection between the right (sys-

temic) and the left (pulmonary) venous
channels allowing for a decompression of
the systemic venous system (reducing the
venous pressure that is too high) and an in
crease of the ventricular filling (increasing
the systemic cardiac output), with the price
of systemic oxygen desaturation (because of
the iatrogenic right-to-left shunt). The fenes
tration is added to the total cavopulmonary
connection either on indication (in higher
risk candidates) or routinely, accordingly
with the surgical preference.

A further modification of the total cavo
pulmonary connection is possible in the
high-risk Fontan candidate, with the connec
tion of the superior vena cava to the left pul
monary artery, and either an interatrial lat
eral tunnel with adjustable atrial septal de
fect or an extracardiac connection between
the inferior vena cava and the right pulmo
nary artery with a fenestration; in this way
the lesser systemic venous return (35-40%)
from the superior vena cava is deviated into
the smaller lung (the left), while the venous
return from the inferior vena cava is de
viated into the larger lung (the right), but
with a potential decompression (adjustable
atrial septal defect or fenestration) allowing
the maintenance of adequate cardiac output
and avoiding venous hypertension in the he
patic and renal systems.

• Damus-Kaye-Stansel procedure
In the presence of subaortic obstruction, the
surgical possibilities are Damus-Kaye-Stansel
procedure (end-to-side or double-barrel ana
stomosis), or subaortic resection or bulbo
ventricular foramen enlargement (see chap
ter "Tricuspid atresia"), or arterial switch
(see chapter "Transposition of the great ar
teries") in the neonatal period.

The Damus-Kaye-Stansel procedure (see
chapter "Transposition of the great arteries"):
• advantages: better relief of the systemic

outflow obstruction, lower incidence of
complete atrioventricular block, lower in
cidence of need for reoperation,

• disadvantages: increased progression of
semilunar valve regurgitation, technically



more demanding, not suitable during ven
tricular septation.

I Ventricular septation
Ventricular septation can be also a viable op
tion in 20% of patients, depending on the ven
tricular morphology, on the one hand, and on
local practice and philosophy on the other
hand. Ventricular septation may be an option
in patients with an enlarged dominant ventri
cle, with two atrioventricular valves with little
or no overriding or straddling. The ventricu
loarterial connection must be amenable to re
pair with the appropriate ventriculoarterial
connection, and there should be little or no
pulmonary or systemic outflow obstruction.

This procedure can be performed as a sin
gle stage or as a two-stage treatment; this
last approach has the purpose of obtaining
an early partial separation of the systemic
and pulmonary circulations in the first few
months of life, leaving a small residual intra
cardiac shunt to close later. Two-stage ven
tricular septation remains a technique very
rarely utilized.

I Heart transplantation

Heart transplantation is considered for pa
tients who are poor candidates for a Fontan
type procedure because of poor ventricular
function but where pulmonary vascular re
sistance is not elevated, or for patients with
a failing Fontan procedure not suitable for
Fontan take-down or other more conven
tional surgical treatment.

As a final comment on the indication for
surgical treatment, it is highly unlikely that
a single management strategy will be optimal
for this very heterogeneous group of patients.

I Surgical treatment

• Pulmonary artery banding
In these patients the achievement of an ade
quate pulmonary artery banding is particular
ly difficult, in consideration of the several in-
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terrelated variables in continued evolution,
particularly the need to obtain and maintain
a low pulmonary artery pressure, an adequate
balance between the systemic and pulmonary
circulation, at the same time avoiding an ex
cessive ventricular pressure overload. A solu
tion to these requirements is the pulmonary
artery banding with a telemetrically adjust
able device (FloWatch-PAB) (Figs. 2.3.8 and
2.3.9).

Fig. 2.3.8. Single ventricle: surgery. Palliation: pulmonary
artery banding. Pulmonary artery banding with a telemetric
adjustable device (FloWatch-R-PAB™): the device has already
been positioned and clipped around the pulmonary artery,
posterior to and onthe left side ofthe anterior aorta (Ao aorta,
FW FloWatch-PAB™, RA right atrium, SV single ventricle)

Fig. 2.3.9. Single ventricle: surgery. Palliation: pulmonary ar
tery banding. Chest X-ray in the anteroposterior view show
ing the substantial reduction of the cardiomegaly immedi
ately obtained with pulmonary artery banding in a neonate
with a single ventricle and increased pulmonary artery flow
and pressure. Left: Preoperative chest X-ray, right: postopera
tive chest X-ray (immediately after surgery)
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I Shunt
A modified Blalock-Taussig shunt (see chap
ter "Tetralogy of Fallot") is always the choice
for a systemic-to-pulmonary artery shunt.

I Bidirectional Glenn (Fig. 2.3.10)
The bidirectional Glenn procedure consists
of the ligature and division of the azygos
vein to fully mobilize the superior vena cava
and to avoid later decompression of the su
perior vena cava into the inferior vena cava.
Then the superior vena cava, controlled with
a vascular clamp, is transected at the level of
the cavoatrial junction (preserving the sinus
node and its artery), and the cardiac end is
oversewn. At this point the superior vena
cava is end-to-side anastomosed to the
upper aspect of the right pulmonary artery,
opened with a longitudinal or transverse in
cision, according to the surgical preference.
This operation can be performed on nor
mothermic cardiopulmonary bypass with a
beating heart, therefore, avoiding aortic
cross clamping and myocardial ischemia,
and maintaining sinus rhythm. In certain
circumstances, according to the surgical pre
ferences, the cavopulmonary connection can
be performed without cardiopulmonary by
pass, using a temporary shunt or connection
between the proximal superior vena cava or
the innominate vein and the right atrium.

In patients with a persistent left superior
vena cava, a bilateral bidirectional Glenn
procedure (= end-to-side anastomosis, re
spectively, of the right superior vena cava to
the right pulmonary artery and of the per
sistent left superior vena cava to the left pul
monary artery) is performed, with the same
surgical technique for both the anastomoses.

I Hemi-Fontan
The operation is performed on cardiopul
monary bypass with aortic cross clamping
for its central portion. The medial aspect of
the superior vena cava and the superior por
tion of the right atrium are incised as well
as the confluence of the right and left pul
monary arteries. In the absence of pulmo
nary atresia, the proximal stump of the pul-

monary artery is transected and oversewn.
The superior vena cava is side-to-side an
astomosed to the right pulmonary artery,
and the same is done in the presence of a
persistent left superior vena cava, which is
side-to-side anastomosed to the ipsilateral
pulmonary artery. A patch of biological
(homograft, heterologous pericardium) or
prosthetic (PTFE) material is used for aug
mentation of the pulmonary arteries ante
riorly, for creation of a roof over the anasto
mosis of the vena cava and the pulmonary
artery and a dam occluding the inflow of the
superior vena cava into the right atrium,
leaving a potential connection for the entire
systemic venous return larger than the size
of the inferior vena cava. An unrestrictive
interatrial communication is also created,
whenever necessary.

Modified Fontan
The completion of the Fontan circulation,
deviating the systemic venous return from
the inferior vena cava to the pulmonary ar
teries, can be accomplished with several dif
ferent surgical techniques, according to the
anatomy of the patient and the surgical ex
perience.
I Atriopulmonary connection, consisting in

a direct or indirect (with a roof of biologi
calor synthetic material or with a con
duit) connection between the right auricu
lar appendage and either the transacted
stump of the main pulmonary artery or
the inferior aspect of the right pulmonary
artery, associated with ventricular exclu
sion (Fig. 2.3.11), has now been practically
abandoned because of the unfavorable
fluidodynamics obtained with inclusion of
the right atrium in this type of cavopul
monary connection.

I Lateral tunnel (Fig. 2.3.12 and 2.3.13) con
sists of the baffling with an interatrial
patch (pericardium, PTFE) of the inferior
vena cava to the superior vena cava and
the upper portion of the right atrium, and
then the superior vena cava and the upper
portion of the right atrium are connected
with the inferior aspect of the right pul-
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Fig. 2.3.10. Single ventricle: surgery. Bidirectional Glenn.
a Intraoperative photograph of a bidirectional Glenn, with
end-to-side anastomosis of the superior vena cava to the
right pulmonary artery. The superior vena cava cannula is in
troduced directly into the innominate vein, while the two
branches of the right pulmonary artery are controlled with
the two elastic vessel loops. The cardioplegia cannula has
been used in this specific case because of the need for an
associated intracardiac procedure (Ao aorta, Aoc aortic can
nula, CPc cardioplegia cannula, IV innominate vein, IVCc infe
rior vena cava cannula, RAA right auricular appendage,
RPA right pulmonary artery, SV single ventricle, SVC superior
vena cava, SVCc superior vena cava cannula), b intraoperative
photograph of the same patient, after removal of all cannu
las, with the exception of the aortic cannula, ( postoperative

transesophageal echocardiography showing the flow through
the superior vena cava to the right pulmonary artery connec
tion (bidirectional Glenn) with the superior vena cava-to-pul
monary artery flow during diastole and pulmonary artery-to
superior vena cava flow during systole, because of wash-out
due to the antegrade pulmonary blood flow coming from
the main pulmonary artery (photograph courtesy of Dr.
Pierre-Guy Chassot), d postoperative angiography showing
the injection in the superior vena cava with opacification of
the right pulmonary artery; the contrast medium is diluted
from the non-contrasted blood coming from antegrade pul
monary blood flow (LPA left pulmonary artery), e postopera
tive lung scintigraphy showing homogeneous distribution of
the perfusion to both lungs, with 53% to the left lung and
47% to the right lung
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Fig. 2.3.11. Single ventricle: surgery. Modified Fontan with
ventricular exclusion. Intraoperative photograph showing (a)
the external anatomy of the single ventricle with ventricu
loarterial discordance, and reduced pulmonary blood flow
(Ao aorta, PA pulmonary artery, RA right atrium, SV single
ventricle, SVC superior vena cava) and b through a right
atriotomy, showing the inlet of the tricuspid valve into the
single ventricle. (lVCe inferior vena cava cannula, SVCe superi
or vena cava cannula), c initial anastomosis of the prosthetic

monary artery. The transected stump of
the superior vena cava requires augmenta
tion (by a roof of autologous or heterolo 
gous pericardium or PTFE) to accommo
date the higher systemic venous return
coming from the inferior vena cava. The
coronary sinus is left in the lower pressure
pulmonary venous atrium. This technique
requires a period of aortic cross clamping
with myocardial ischemia to open the
right atrium and place the interatrial baf
fle. An unrestrictive interatrial communi
cation is also created, whenever necessary.

I Extracardiac connection (Fig.2.3.14) con
sists of the extracardiac connection of the
transected inferior vena cava (the cardiac

patch used for ventricular exclusion around the inlet of the
tricuspid valve into the single ventricle (PP prosthetic patch),
d completed anastomosis of the prosthetic patch used for
ventricular exclusion around the inlet of the tricuspid valve
into the single ventricle, initial (e) and completed (f) anasto
mosis of the opened right atrium to the inferior aspect of
the right pulmonary artery, opened with a longitudinal inci
sion, (Aoe aortic cannula, /VCe inferior vena cava cannula)

stump is oversewn) to the inferior aspect
of the right pulmonary artery by the
interposition of a non-valved conduit
(PTFE, pericardium, in situ pedicled peri
cardial tunnel), or in exceptional circum
stances by direct anastomosis of the trans
ected inferior vena cava to the transacted
main pulmonary artery. The extracardiac
connection can be performed on nor
mothermic cardiopulmonary bypass with
a beating heart, thereby avoiding aortic
cross clamping and myocardial ischemia.
In certain circumstances, according to the
surgical preferences, the cavopulmonary
connection can be performed even with
out cardiopulmonary bypass .
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Fig. 2.3.12. Single ventricle: surgery. Modified Fontan: lateral
tunnel. a Schematic drawing with the lateral tunnel tech
nique of modified Fontan procedure, connecting the orifice
of the inferior vena cava to the orifice of the superior vena
cava with an interatrial PTFE patch sutured to the lateral wall
of the right atrium (= lateral tunnel), b the total cavopul
monary connection with the lateral tunnel technique is com
pleted with the end-to-side anastomosis of the transected

Fig. 2.3.13. Single ventricle: surgery. Modified Fontan: lateral
tunnel. Postoperative angiography with contrast injection in
the inferior vena cava, showing the lateral tunnel connecting
the inferior vena cava with both pulmonary arteries (lve in
ferior vena cava, LPA left pulmonary artery, LT lateral tunnel,
RPA right pulmonary artery)
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superior vena cava to the superior aspect of the right pulmo
nary artery, while the atrial stump of the superior vena cava
is end-to-side anastomosed to the inferior aspect of the right
pulmonary artery (reproduced with permission from laks H,
Pearl JM, Haas GS, Drinkwater DC, Milgalter E, Jarmakani JM,
Isabel-Jones J, George Bl, Williams RG (1991) Partial Fontan:
advantages of an adjustable interatrial communication. Ann
Thorac Surg 52:1084-1094)
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Fig. 2.3.14. Single ventricle: surgery. Extracardiac total cavo
pulmonary connection. a Proximal end-to-end anastomosis of
a PTFE armed tubular prosthesis to the transected inferior
vena cava; note the open technique, with the inferior vena
cava unclamped and unsnared, and only a venous cannula
introduced through the right femoral vein (lVC inferior vena
cava, RA right atrium, TP tubular prosthesis), b completed
proximal end-to-end anastomosis of the PTFE armed tubular
prosthesis to the transected inferior vena cava, ( distal end
to-end anastomosis of the PTFE armed tubular prosthesis to
the longitudinally incision of the inferior aspect of the right
pulmonary artery (RPA right pulmonary artery), d completed
interposition of the PTFE armed tubular prosthesis between
the inferior vena cava and the right pulmonary artery; note
the previously performed end-to-side anastomosis between
the superior vena cava and the superior aspect of the right

pulmonary artery (bidirectional Glenn), and the right atrial
cannula still in situ (lVC inferior vena cava, RAe right atrial
cannula, SVC superior vena cava), e postoperative transeso
phageal echocardiography showing the flow through a total
cavopulmonary connection with the different variations dur
ing inspirations (asterisks) related with intermittent positive
pressure ventilation (A) and with spontaneous breathing (B)
(photograph courtesy of Dr. Pierre-Guy Chassot), postopera
tive angiography in the anteroposterior view (f) and in the
lateral view (g) showlnq the contrast medium injected in the
extracardiac connection opacifying both pulmonary arteries.
The contrast medium in the right pulmonary artery is diluted
by the non-contrasted blood coming from the superior vena
cava through the previously performed bidirectional Glenn
(fCC extracardiac connection, LPA left pulmonary artery)



Fenestration
(= incomplete atrial partitioning)
Different types of fenestration exist in order
to allow for an incomplete separation between
the caval and pulmonary venous pathways in
order to decompress the systemic venous re
turn. In the lateral tunnel technique, an in
teratrial communication (generally 4-5 mm
diameter) is created in the central part of
the prosthetic (PTFE) patch (= fixed fenestra
tion) , or is left on the lateral aspect of the su
ture of the patch, with a mattress suture out
side the atrial wall to allow for an external ad
justment (= adjustable atrial septal defect) by
percutaneous manipulation of a snare.

In the extracardiac connection, the inferior
vena cava to pulmonary artery conduit and
the morphologically right atrium (now func
tioning as the pulmonary venous atrium
=collecting chamber for the pulmonary veins
and the coronary sinus) are off-bypass con
nected (= fenestration) either by a tubular
prosthesis (PTFE, 6-8 mm diameter) end-to
side anastomosed between the extracardiac
conduit and the morphologically right atrium
or by a side-to-side direct anastomosis of the
extracardiac conduit to the right atrium on
two side-biting clamps. The fenestration ob
tained with a tubular prosthesis can also be
percutaneously controlled with a snare.

All these types of fenestration will either
spontaneously close in the late postoperative
period, or they can be electively closed by a
percutaneous intervention.

Ventricular septation
This procedure can be performed, on cardio
pulmonary bypass, as a single stage, with a
large patch dividing the two atrioventricular
valves and the ventricular cavity, taking
great care to avoid obstruction to the sys
temic and pulmonary outflow tracts. The
size of the patch is crucial, since too large of
a patch will bulge into the right ventricle in
systole, impairing the right ventricular func
tion; too small of a patch will result in an
elevated incidence of dehiscence. The sutur
ing lines of the patch will be dictated by the
position of the tension apparatus of the two
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atrioventricular valves, the location of the
two semilunar valves and the position of the
ventricular septal defect.

Staged ventricular septation consists of
placing an apical patch and a second patch
at the superior portion between the atrio
ventricular valves, using widely spaced inter
rupted sutures, with the addition of a pul
monary artery banding; the ventricular sep
tation (with debanding) is completed 6-18
months later with a third patch.

I Potential complications

Pulmonary artery banding: potential for
pulmonary artery distortion, development of
pulmonary valvular regurgitation or damage
to the pulmonary valve, progressive ventri
cular hypertrophy, decreased ventricular
compliance, and development of subvalvular
aortic stenosis. Subaortic stenosis often fol
lows palliative pulmonary artery banding, in
which the resultant hypertrophy of muscle
around the ventricular septal defect may
play a contributing role.

I Bidirectional Glenn: prolonged pleural and/
or pericardial effusions, chylothorax, phrenic
nerve lesion. A persistently high pulmonary
vascular resistance results in insufficient pul
monary blood flow and severe cyanosis,
manifested by high superior vena cava pres
sure (over 18-20 mmHg). An elevated supe
rior vena cava pressure may significantly de
crease cerebral perfusion by decreasing the
pressure gradient across the cerebral bed.
This may be clinically manifested as fullness
and pulsatility of the fontanelle , persistently
irritability, systemic hypertension and rela
tive bradycardia. If not reversible with con
servative treatment by patient position with
head elevated 45 degrees, early tracheal ex
tubation to avoid positive pressure ventila
tion, aggressive pulmonary toilet, and pul
monary vasodilators (inhaled NO), the bidir
ectional Glenn may need to be taken down
and replaced with a systemic-to-pulmonary
artery shunt. Unusual following the bidirec-
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tional Glenn procedure: the late development
of pulmonary arteriovenous malformations
or veno-venous collaterals may cause severe
cyanosis. The latter result in right-to-left
shunt, and, if severe, precludes successful
conversion to Fontan operation.

I Hemi-Fontan operation: distortion or de
generation of the biological or prosthetic
materials used for the central pulmonary ar
teries augmentation and early or late supra
ventricular arrhythmias are potential com
plications in addition to those listed for the
bidirectional Glenn procedure.

I Modified Fontan procedure: in the presence
a of failing Fontan procedure, a potential ob
struction at any level of the cavopulmonary
connections, as well as the persistency of in
tracardiac shunts (other than the surgically
created fenestration), must be always ruled
out. Rare cases have been reported with pul
monary venous pathway obstruction from re
striction at the level of the atrial septum with
the lateral tunnel technique.

The most frequent early complications are
prolonged pleural effusion and chylothorax;
chronic venous stasis (due to the high central
venous pressure with low systemic vascular
resistance, with subsequently increased hy
drostatic capillary pressure), recurrent peri
cardial effusion, ascites, fluid retention, renal
failure, hepatic failure and gastrointestinal
dysfunction are more frequent in higher risk
patients. While sinus node dysfunction, atrial
fibrillation or flutter are more frequent, ven
tricular arrhythmias are less frequent , and
complete atrioventricular block is very rare.
Thromboembolism can occur in about 10%
of patients, particularly in the presence of a
low-output state with low velocity flow
through the venous pathway; because of this
risk these patients should be maintained un
der long-term prophylactic anti-platelets or
anticoagulant treatment, according to policy
of the hospital.

Protein-loosing enteropathy (reduced se
rum albumin concentration accompanied by
diarrhea, poor appetite, failure to grow), pul-

monary arteriovenous malformations and
veno-venous collateral (between brachioce
phalic angles and pericardial veins, azygos
and hemiazygos system, Thebesian veins
and epidiaphragmatic veins) formation with
systemic arterial desaturation are the most
frequent late complications.

Exercise intolerance (or reduced exercise
capacity) is observed in a certain percentage
of patients as well as progression of atrio
ventricular valve regurgitation.

Persistent and/or progressive hypoxemia
can occur after the Fontan procedure, further
increased with exercise, even in the absence of
an evident intra-cardiac right-to-left shunt;
the reason is probably the presence of a mild
intrapulmonary shunt and the drainage of the
coronary sinus into the pulmonary venous
atrium.

Plastic bronchitis is very rare but mostly
accompanied by dramatic consequences.

Either a fenestration (when absent or
inadequate) or the early or late take-down
of the total cavo-pulmonary connection is
sometimes necessary, with or without asso
ciated treatment for the supraventricular ar
rhythmias. Sometimes becomes heart trans
plantation the only available solution, when
the pulmonary vascular resistance is still
within the normal range .

I Ventricular septation: the incidence of
complications with the ventricular septation,
with the exception of very well selected
cases, remains elevated. Potential complica
tions are obstruction to the systemic and/or
pulmonary inflow and/or outflow tracts, dis
tortion of the atrioventricular valve(s) with
resulting regurgitation, lesion of coronary
arteries, residual interventricular shunt,
complete atrioventricular block.

I References

Airan B, Sharma R, Choudhary SK, Mohanty SR,
Bhan A, Chowdhari UK, [uneja R, Kothari SS,
Saxena A, Venugopal P (2000) Univentrieular re
pair: is routine fenestration justified? Ann Thorae
Surg 69:1900-1906



Amodeo A, Galletti L, Marianeschi S, Picardo S,
Giannico S, di Renzi P, Marcelletti C (1997) Ex
tracardiac Fontan operation for complex cardiac
anomalies: seven years' experience. J Thorac Car
diovasc Surg 114:1020-1030

Anderson RH, Arnold R, Thapar MK, Jones RS, Ha
milton DI (1974) Cardiac specialized tissues in
hearts with an apparently single ventricular
chamber (double inlet left ventricle). Am J Cardi
0133:95-106

Anderson RH, Becker AE, Wilkinson JL (1975) Mor
phogenesis and nomenclature of univentricular
hearts. Br Heart J 37:781

Anderson RH, Becker AE (1987) Historical review:
In RH Anderson, GC Crupi, L Parenzan (eds):
Double inlet ventricle. Elsevier, New York, p 29

Arai T, Sakakibara S, Ando M, Takao A (1973) In
tracardiac repair for single or common ventricle,
creation of a straight artificial septum. Singapore
Med J 14:187

Ascuitto RJ, Kydon DW, Ross-Ascuitto NT (2001)
Pressure loss from flow energy dissipation: rele
vance to Fontan-type modifications. Pediatr Car
diol 22:110-115

Ashrafian H, Swan L (2002) The mechanism of for
mation of pulmonary arteriovenous malforma
tions associated with the classic Glenn shunt (su
perior cavopulmonary anastomosis). Heart 88:639

Bando K, Turrentine MW, Park HJ, Sharp TG, Scavo
V, Brown JW (2000) Evolution of the Fontan pro
cedure in a single center. Ann Thorac Surg
69:1873-1879

Barlow A, Pawade A, Wilkinson JL, Anderson RH
(1995) Cardiac anatomy in patients undergoing
the Fontan procedure. Ann Thorac Surg 60:1324
1330

Baslaim G, Hussain A, Kouatli A, Iamjoom A (2003)
Bovine valved xenograft in the extracardiac Fon
tan procedure. J Thorac Cardiovasc Surg
126:586-588

Booth KL, Roth SJ, Thiagarajan RR, Almodovar MC,
del Nido PJ, Laussen PC (2004) Extracorporeal
membrane oxygenation support of the Fontan
and bi-directional Glenn circulations. Ann Tho
rae Surg 77:1341-1348

Border WL, Syed AU, Michelfelder EC, Khoury P,
Uzark KC, Manning PB, Pearl JM (2003) Im
paired systemic ventricular relaxation affects
postoperative short-term outcome in Fontan pa
tients. J Thorac Cardiovasc Surg 126:1760-1764

Bradley SM, McCall MM, Sistino J], Radtke WA
(2001) Aortopulmonary collateral flow in the
Fontan patient: does it matter? Ann Thorac Surg
72:408-415

Bradley SM, Simsic JM, Mulvihill DM (2003) Hypo
ventilation improves oxygenation after bi-direc
tional superior cavopulmonary connection. J
Thorac Cardiovasc Surg 126:1033-1039

References I 39

Bradley TJ, Human DG, Culham JAG, Duncan WJ,
Patterson MWH, LeBlanc JG, Sett SS (2003)
Clipped tube fenestration after extracardiac Fon
tan allows for simple transcatheter coil occlusion.
Ann Thorac Surg 76:1923-1928

Bridges ND, Jonas RA, Mayer JE, Flanagan MF,
Keane JF, Castaneda AR (1990) Bidirectional
cavopulmonary anastomosis as interim palliation
for high risk Fontan candidates. Circulation 82
(Suppl-IV):170-176

Bridges ND, Lock JE, Castaneda AR (1990) Baffle fe
nestration with subsequent catheter closure: mod
ification of the Fontan operation for patients with
increased risk. Circulation 82:1681-1689

Bridges ND, Mayer JE, Lock JE, Jonas RA, Hanley
FL, Keane JF, Perry SB, Castaneda AR (1992) Ef
fect of baffle fenestration on outcome of the
modified Fontan operation. Circulation 86:1762
1769

Brown DW, Gauvreau K, Moran AM, Jenkins KJ,
Perry SB, del Nido PJ, Colan SD (2003) Clinical
outcomes and utility of cardiac catheterisation
prior to superior cavopulmonary anastomosis. J
Thorac Cardiovasc Surg 126:272-281

Buchhorn R, Bartmus D, Buhre W, Bursch J (2001)
Pathogenetic mechanisms of venous congestion
after the Fontan procedure. Cardiol Young 11:
161-168

Bull K (1998) The Fontan procedure: lessons from
the past. Heart 79:213-214

Burke RP, Jacobs JP, Ashraf MH, Aldousany A,
Chang AC (1997) Extracardiac Fontan operation
without cardiopulmonary bypass. Ann Thorac
Surg 63:1175-1177

Burkhart HM, Dearani JA, Mair DD, Warnes CA,
Rowland CC, Schaff HV, Puga FJ, Danielson GK
(2003) The modified Fontan procedure: early and
late results in 132 adult patients. J Thorac Car
diovasc Surg 125:1252-1259

Canobbio MM, Mair DD, van der Velde M, Koos BJ
(1996) Pregnancy outcomes after the Fontan re
pair. J Am ColI Cardiol 28:763-767

Carey JA, Hamilton JRL, Hilton q, Dark JH, Forty
J, Parry G, Hasan A (1998) Orthotopic cardiac
transplantation for the failing Fontan circulation.
Eur J Cardiothorac Surg 14:7-14

Carlon CA, Mondini PG, de Marchi R (1950) Su una
nuova anastomosi vasale per la terapia chirurgica
di alcuni vizi cardiovascolari. Ital Chir 6:760

Caspi J, Pettitt TW, Ferguson TB, Stopa AR, Sandhu
SK (2003) Effects of controlled antegrade pulmo
nary blood flow on cardiac function after bi-di
rectional cavopulmonary anastomosis. Ann Tho
rae Surg 76:1917-1922

Castaneda AR (1992) From Glenn to Fontan: a con
tinuing evolution. Circulation 86 (Suppl. II):80

Cavalcanti S, Gnudi G, Masetti P, Ussia GP, Marcel
letti CF (2001) Analysis by mathematical model



40 I Single ventricle

of haemodynamic data in the failing Fontan cir
culation . Physiol Meas 22:209-222

Cecchin F, [ohnsrude CL, Perry JC, Friedman RA
(1995) Effect of age and surgical technique on
symptomatic arrhythmias after the Fontan opera
tion. Am J Cardiol 76:386-391

Cerillo AG, Murzi B, Giusti S, Crucean A, Redaelli S,
Vanini V (2002) Pulmonary artery banding and
ventr icular septal defect enlargement in patients
with univentricular atrioventricular connection
and the aorta originating from an incomplete ven
tricle. Eur J Cardiothorac Surg 22:192-199

Chang RK, Alejos JC, Atkinson D, Jensen R, Drant
S, Galindo A, Laks H (1999) Bubble contrast
echocardiography in detecting pulmonary arte 
riovenous shunting in children with univentricu
lar heart after cavopulmonary anastomosis. J Am
ColI Cardiol 33:2052-2058

Chen S, Pennington DG, Nouri S, Sivakoff M, Fagan
LF (1984) Management of infants with univentri
cular heart. Am Heart J 107:1252-1256

Cheung HC, Lincoln C, Anderson RH, Ho SY, Shine
bourne EA, Pallides S, Rigby ML (1990) Options
for surgical repair in hearts with univentricular
atr ioventricular connection and subaortic steno
sis. J Thorac Cardiovasc Surg 100:672

Cheung YF, Penny DJ, Redington AN (2000) Serial
assessment of left ventricular diastolic function
after Fontan procedure. Heart 83:420-424

Choussat A, Fontan F, Besse P, Vallot F, Chauve A,
Bricaud H (1977) Selection criteria for Fontan's
procedure. In: Anderson RH, Shinebourne EA
(eds) Paediatric Cardiology. Churchill Livings
tone, Edinburgh, pp 559-566

Cloutier A, Ash JM, Smallhorn JF, Williams WG,Trus
ler GA, Rowe RD, Rabinovitch M (1985) Abnormal
distribution of pulmonary blood after the Glenn
shunt or Fontan procedure: risk of development
of arteriovenous fistulae. Circulation 72:471-479

Cohen MI, Rhodes LA, Wernovsky G, Gaynor JW,
Spray TL, Rychik J (2001) Atrial pacing: an alter
native treatment for protein-losing enteropathy
after the Fontan operation. J Thorac Cardiovasc
Surg 121:582-583

Collins KK, Rhee EK, Delucca JM, Alexander ME,
Bevilacqua LM, Berul CI, Walsh EP, Mayer JE, Jo
nas RA, del Nido PJ, Triedman JK (2004) Modifi
cation to the Fontan procedure for the prophy
laxis of intra-atrial reentrant tachycardia : short
term results of a prospective randomised blinded
trial. J Thorac Cardiovasc Surg 127:721-729

Coon PD, Rychik J, Novello RT, Rao PS, Gaynor JW,
Spray TL (200!) Thrombus formation after the
Fontan operation. Ann Thorac Surg 71:1990-1994

Corno AF, Casolo F, Fancini P, Guffanti MC, Thiene
G (1979) Coesistenza di cuore univentricolare si
nistro con seno ventricolare destro. Progr Cardiol
Pediat, pp 157-162

Corno AF, Becker AE, Bulterijs AHK, Lam J, Nijveld
A, Schuller C, Marcelletti C (1982) Univentricular
heart: can we alter the natural history? Ann
Thorac Surg 34:716-726

Corno AF, Parisi F, Marino B,Ballerini L,Marcelletti C
(1987) Palliative Mustard operation: an expanded
horizon. Eur J Cardiothorac Surg 1:144-147

Corno AF, Laks H, Davtyan H, Flynn WM, Chang P,
Drinkwater DC (1988) The heterotopic right
heart assist transplant. J Heart Transplant 7:183
190

Corno AF, Carta MG, Giannico S (1989) Pulmonary
artery banding through median sternotomy. CI
Res 37:91A

Corno AF, Mazzera E, Marino B, Picardo S, Marcel
letti C (1989) Bidirectional cavopulmonary anas
tomosis. J Am ColI Cardiol 13:74A

Corno AF, Giannico S (1993) Echo evaluation of to
tal extracardiac right heart bypass. G Ital Ecogr
Cardiovasc 3:1

Corno AF, Bertucci C, Ranucci M, Rosti L (1994) Bi
direct ional superior vena cava to pulmonary ar
tery anastomosis. Int Soc Cardiothorac Surg, 4th

World Congr, Abstracts, p 150
Corno AF (1996) Considerations on the cavopul

monary connection. Am ColI Cardiol Curr J Rev
5:38

Corno AF (2000) Surgery for congenital heart dis
ease. Curr Opinion Cardiol 15:238-243

Corno AF (2001) Palliative bilateral unidirectional
Glenn shunts . Asian Cardiovasc Thorac Ann
9:141 (invited commentary)

Corno AF, Hurni M, Tozzi P, von Segesser LK
(2003) Accordion-like prosthesis for modified
Blalock-Taussig shunt. Asian Cardiovasc Thorac
Ann 11:229-232

Corno AF, Bonnet D, Sekarski N, Sidi D, Vouhe PR,
von Segesser LK (2003) Remote control of pul
monary blood flow: initial clinical experience. J
Thorac Cardiovasc Surg 126:1775-1780

Corno AF (2004) Heterotopic right heart transplan
tation . J Thorac Cardiovasc Surg 127:606-607

Corno AF, Horisberger J, Iegger D, von Segesser LK
(2004) Right atrial surgery with unsnared inferior
vena cava. Eur J Cardiothorac Surg 26:219

Deal BJ, Mavroudis C, Backer CL (2003) Beyond Fon
tan conversion: surgical therapy of arrhythmias in
cluding patients with associated complex congeni
tal heart disease. Ann Thorac Surg 76:542-554

Dearani JA, Danielson GK, Puga FJ, Schaff HV,
Warnes CW, Driscoll DJ, Schleck CD, Ilstrup DM
(2003) Late follow-up of 1095 patients under
going operation for complex congenital heart dis
ease utilizing pulmonary ventricle to pulmonary
artery conduits. Ann Thorac Surg 75:399-411

de LevalMR, Kilner P,Gewillig M, Bull C (1988) Total
cavopulmonary connection: a logical alternative to



atriopulmonary connection for complex Fontan
operations. ] Thorac Cardiovasc Surg 96:682-695

de Leval MR (1998) The Fontan circulation: what
have we learned? What to expect? Pediatr Cardiol
19:316-320

di Carlo DC, Williams WG, Freedom RM, Trusler GA,
Rowe RD (1982) The role of cava-pulmonary
(Glenn) anastomosis in the palliative treatment of
congen ital heart disease. I Thorac Cardiovasc Surg
83:437

di Carlo DC, di Donato RM, Corno AF, Ballerini L,
Marcelletti C (1987) The Damus-Kaye-Stansel pro
cedure in infancy. Pediat Cardiol (Abstracts) 10

DiSessa TG, Child IS, Perloff ]K, Wu L, Williams
RG, Laks H, Friedman WF (1984) Systemic ve
nous and pulmonary arterial flow patterns after
Fontan's procedure for tricuspid atresia or single
ventricle. Circulation 70:898

Dogliotti AM, Actis-Dato A, Venere G (1961) L'inter
vento di anastomosi vena cava-arteria polmonare
nella tetrade di Fallot e in altre cardiopatie.
Minerva Cardioangiol 9:577

Doherty A, Ho SY, Anderson RH, Rigby ML. Mor
phological nature of the atrioventricular valves in
hearts with double inlet left ventricle. Pediatr
Pathol 1989;9:521-9

Donofrio MT, Iacobs ML, Norwood WI, Rychik I
(1995) Early changes in ventricular septal defect
size and ventricular geometry in the single left
ventricle after volume-unloading surgery. I Am
ColI Cardiol 26:1008-1015

Doty DB, Schieken RM, Lauer RM (1979) Septation
of the univentricular heart: transatrial approach.
I Thorac Cardiovasc Surg 78:423-430

Doty DB, Marvin WI, Lauer RM (1981) Single ven
tricle with aortic outflow obstruction: operative
repair by creation of double outlet to the aorta
and application of the Fontan principle. ] Thorac
Cardiovasc Surg 81:636-640

Douville EC, Sade RM, Fyfe DA (1991) Hemi-Pontan
operation in surgery for single ventricle: a pre 
liminary report. Ann Thorac Surg 51:893

Driscoll DI, Offord KP, Feldt RH, Schaff HY, Puga FI,
Danielson GK (1992) Five-to fifteen-year follow-up
after Fontan operation. Circulation 85:469-496

Duncan BW, Kneebone 1M, Chi EY, Hraska V, Isik
FF, Rosenthal GL, Iones TK, Starnes SL, Lupinetti
FM (1999) A detailed histologic analysis of pul
monary arteriovenous malformations in children
with cyanotic congenital heart disease. I Thorac
Cardiovasc Surg 117:931-938

Duncan BW, Rosenthal GL, Iones TK, Lupinetti FM
(2001) First-stage palliation of complex univentri
cular cardiac anomalies in older infants. Ann
Thorac Surg 72:2077-2080

Duncan BW, Desai S (2003) Pulmonary arteriove
nous malformations after cavopulmonary anasto
mosis. Ann Thorac Surg 76:1759-1766

References I 41

Durongpisitkul K, Porter C], Cetta F, Offord KP, Sle
zak 1M, Puga FI, Schaff HV, Danielson GK, Dris
coll DI (1998) Predictors of early- and late-onset
supraventricular tachyarrhythmias after Fontan
operation. Circulat ion 98:1099-1107

Ebert PA (1984) Staged partitioning of single ventri
cle. I Thorac Cardiovasc Surg 88:908

Edie RN, Ellis K, Gersony WM, Krongrad E, Bow
man FO, Malm IR (1973) Surgical repair of single
ventricle. ] Thorac Cardiovasc Surg 66:350

Eicken A, Fratz S, Gutfried C, Balling G, Schwaiger
M, Lange R, Busch R, Hess I, Stern H (2003)
Hearts late after Fontan operation have normal
mass, normal volume, and reduced systolic func
tion. A magnetic resonance imaging study. I Am
ColI Cardiol 42:1061-1065

Eyskens B, Mertens L, Kuzo R, De ]aegere T, Law
renson I, Dymarkowski S, Bogaert I, Daenen W,
Gewillig M (2003) The ratio of flow in the superi
or and inferior caval veins after construction of a
bi-directional cavopulmonary anastomosis in
children. Cardiol Young 13:123-130

Feldt RH, Mair DD, Danielson GK, Wallace RB,
McGoon DC (1981) Current status of the septa
tion procedure for univentricular heart. I Thorac
Cardiovasc Surg 82:93-97

Ferencz C, Rubin ID, McCarter RI (1985) Congenital
heart disease: prevalence at livebirth. The Balti
more- Washington infant study. Am I Epidemiol
121:31-36

Fishberger SB, Wernovsky G, Gentles TL, Gauvreau
K, Burnett ], Mayer IE, Walsh EP (1997) Factors
that influence the development of atrial flutter
after the Fontan operation. I Thorac Cardiovasc
Surg 113:80-86

Fontan F, Baudet E (1971) Surgical repair of tricuspid
atresia. Thorax 26:240-248

Fontan F, Kirklin ]W, Fernandez G, Costa F,Naftel DC,
Tritto F, Blackstone EH (1990) Outcome after a
"perfect" Fontan operation. Circulation 81:1520
1536

Franklin RCG, Spiegelhalter DI, Anderson RH, Ma
cartney FI, Filho RIR, Douglas 1M, Rigby ML,
Deanfield ]E (1991) Double-inlet ventricle pre
senting in infancy. 1. Survival without definitive
repair. I Thorac Cardiovasc Surg 101:767

Franklin RCG, Spiegelhalter DI, Anderson RH, Ma
cartney F], Filho RIR, Rigby ML, Deanfield IE
(1991) Double-inlet ventricle presenting in in
fancy. 11. Results of palliative operations. I Thorac
Cardiovasc Surg 101:917

Franklin RCG, Spiegelhalter DI, Filho RIR, Macart 
ney FI, Anderson RH, Rigby ML, Deanfield ]E
(l991) Double-inlet ventricle presenting in in
fancy. III. Outcome and potential for definitive
repair. I Thorac Cardiovasc Surg 101:924

Fredriksen PM, Therrien I, Veldtman G, Warsi MA,
Uu P, Siu S, Williams WG, Granton I, Webb GD



42 • Single ventricle

(2001) Lung function and aerobic capacity in
adult patients following modified Fontan proce
dure. Heart 85:295-299

Freedom RM, Sondheimer H, Dische R, Rowe RD
(1977) Development of "subaortic stenosis" after
pulmonary arterial banding for common ventri
cle. Am I Cardiol 39:78-83

Freedom RM (1987) The dinosaur and banding of
the main pulmonary trunk in the heart with
functionally one ventricle and transposition of
the great arteries: a saga of evolution and cau
tion. I Am Coil Cardiol 10:427-429

Freedom RM, Trusler GA (1991) Arterial switch for
palliation of subaortic stenosis in single ventricle
and transposition: no mean feat! Ann Thorac
Surg 52:415

Freedom RM, Nykanen D, Benson LN (1998) The
physiology of the bidirectional cavopulmonary
connection. Ann Thorac Surg 66:664-667

Freedom RM, Hamilton R, Yoo SH, Mikailian H,
Benson L, McCrindle B, Iustino H, Williams WG
(2000) The Fontan procedure: analysis of cohorts
and late complications. Cardiol Young 10:307-331

Fyler DC, Buckley LP, Hellenbrand WE, Cohn HE
(1980) Report of the New England Regional In
fant Care Program. Pediatrics 65 (Suppl):375-461

Galankin NK, Darbinian TM (1956) Anastomosis
between the superior vena cava and the right
pulmonary artery: experiment. Eksp Khir 1:54

Gale AW, Danielson GK, McGoon DC, Mair DD
(1979) Modified Fontan operation for univentri
cular heart and complicated congen ital lesions. I
Thorac Cardiovasc Surg 78:831

Gamba A, Merlo M, Fiocchi R, Terzi A, Mammana
C, Sebastiani R, Ferrazzi P (2004) Heart trans
plantation in patients with previous Fontan op
erations. I Thorac Cardiovasc Surg 127:555-562

Gates RN, Laks H, Elami A, Drinkwater DC, Pearl 1M,
George BL, [armakani 1M, Williams RG (1993) Da
mus -Stansel-Kaye procedure: current indications
and results. Ann Thorac Surg 56:111-119

Gatzoulis MA, Munk MD, Williams WG, Webb GD
(2000) Definitive palliation with cavopulmonary
or aortopulmonary shunts for adults with single
ventricle physiology. Heart 83:51-57

Gentles TL, Mayer IE, Gauvreau K, Newberger IW,
Lock IE, Kupferschild IP, Burnett I, [onas RA,
Castaneda AR, Wernovsky G (1997) Fontan op
eration in five hundred consecutive patients: fac
tors influencing early and late outcome. I Thorac
Cardiovasc Surg 114:376-91

Gentles TL, Gauvreau K, Mayer IE, Fishberger SB,
Burnett I, Colan SD, Newburger IW, Wernovsky
G (1997) Functional outcome after the Fontan
operation: factors influencing late morbidity. I
Thorac Cardiovasc Surg 114:392-403

Gewillig MH, Lundstrom UR, Bull C, Wyse R, Dean
field IE (1990) Exercise responses in patients

with congenital heart disease after Fontan repair:
patterns and determinants of performance. I Am
ColI Cardiol 15:1424-1432

Gewillig MH, Kalis N (2000) Pathophysiological as
pects after cavopulmonary anastomosis. Thorac
Cardiovasc Surg 48:336-341

Ghai A, Harris L, Harrison DA, Webb GD, Siu SC
(2001) Outcomes of late atrial tachyarrhytmias in
adults after the Fontan operation. I Am ColI Car
diol 37:585-592

Giannico S, Corno AF, Nava S, Marino B, Guccione
P, Marcelletti C (1989) Inferior vena cava to pul
monary artery extracardiac conduit: echo-Dop
pler patterns of systemic venous flow. I Am Soc
Echocard 2:218

Giannico S, Corno AF, Marino B, Cicini MP, Ga
gliardi MG, Amodeo A, Picardo S, Marcelletti C
(1992) Total extracardiac right heart bypass. Cir
culation 86 (Suppl-II):110-117

Girod DA, Lima RC, Anderson RH, Ho SY, Rigby ML,
Quaegebeur 1M (1984) Double-inlet ventricle:
morphological analysis and surgical implications
in 32 cases. I Thorac Cardiovasc Surg 88:590-600

Glenn WWL (1958) Circulatory bypass of the right
side of the heart. II. Shunt between superior vena
cava and distal right pulmonary artery: report of
clinical application. N Engl I Med 259:117-120

Grabitz RG, [offres MR, Collins-Nakai RL (1988)
Congenital heart disease: incidence in the first
year of life. The Alberta heritage pediatric car
diology program. Am I Epidemiol 128:381-388

Graham K, Sondheimer H, Schaffer M (1997) Resolu
tion of cavopulmonary shunt-associated pulmonary
arteriovenous malformations after heart transplan
tation. I Heart Lung Transplant 16:1271-1274

Haas GS, Hess H, Black M, Onnasch I, Mohr FW,
van Son JA (2000) Extracardiac conduit Fontan
procedure: early and intermediate results. Eur I
Cardiothorac Surg 17:648-654

Hager A, Kaemmerer H, Eicken A, Fratz S, Hess I
(2002) Long-term survival of patients with uni
ventricular heart not treated surgically. I Thorac
Cardiovasc Surg 123:1214-1217

Harris lA, Francannet C, Pradat P, Robert E (2003)
The epidemiology of cardiovascular defects, part
2: a study based on data from three large regis
tries of congenital malformations. Pediatr Cardiol
24:222-235

Harrison DA, Liu P, Walters IE, Goodman 1M, Siu
SC, Webb GD, Williams WG, McLaughlin PR
(1995) Cardiopulmonary function in adult pa
tients late after Fontan repair. I Am ColI Cardiol
26:1016-1021

Heinemann M, Breuer I, Steger V,Steil E, Sieverding L,
Ziemer G (2001) Incidence and impact of systemic
venous collateral development after Glenn and
Fontan procedures. Thorac Cardiovasc Surg 49:
172-178



Hess J (2001) Long-term problems after cavopul
monary anastomosis: diagnosis and management.
Thorac Cardiovasc Surg 49:98-100

Hijazi ZM, Fahey JT, Kleinmann CS, Kopf GS, Hel
lenbrand WE (1992) Hemodynamic evaluation
before and after closure of fenestrated Fontan: an
acute study of changes in oxygen delivery. Circu
lation 86:196-202

Hiramatsu T, Imai Y, Kurosawa H, Takanashi Y, Aoki
M, Shinoka T, Sakamoto T (2002) Midterm re
sults of surgical treatment of systemic ventricular
outflow obstruction in Fontan patients. Ann
Thorac Surg 73:855-860

Holmes AF (1824) Case of malformation of the
heart. Trans Med Chir Soc Edinb 1:252

Hopkins RA, Armstrong BE, Serwer GA, Peterson
FJ, Oldham HW (1985) Physiological rationale
for a bidirectional cavopulmonary shunt. A versa
tile complement to the Fontan principle. J Thorac
Cardiovasc Surg 90:391

Ilbawi MN, Idriss FS, Muster AJ, DeLeon SY, Berry
TE, Duffy E, Paul MH (1986) Effects of elevated
coronary sinus pressure on left ventricular func
tion after the Fontan operation. J Thorac Cardio
vase Surg 92:231

Imai Y, Takanashi Y, Hoshino S, Terada M, Aoki M,
Ohta J (1997) Modified Fontan procedure in
ninety-nine cases of atrioventricular valve regur
gitation. J Thorac Cardiovasc Surg 113:262-269

Ionescu MI, Macartney FJ, Wooler GH (1973) Intra
cardiac repair of single ventricle with pulmonary
stenosis. J Thorac Cardiovasc Surg 65:602

Isomatsu Y, Shin'oka T, Matsumura G, Hibino N,
Konuma T, Nagatsu M, Kurosawa H (2003) Extra
cardiac total cavopulmonary connetion using a
tissue-engineered graft. J Thorac Cardiovasc Surg
126:1958-1962

Jacobs ML, Norwood WI (1994) Fontan operation:
influence of modifications on morbidity and
mortality. Ann Thorac Surg 58:945-952

Jacobs ML, Rychik J, Rome JJ, Apostopoulou S, Pi
zarro C, Murphy JD, Norwood WI (1996) Early
reduction of the volume work of the single ven
tricle: the hemi-Fontan operation. Ann Thorac
Surg 62:456-462

Jacobs ML, Pourmoghadam KK, Geary EM, Reyes
AT, Madan N, McGrath LB, Moore JW (2002)
Fontan's operation: is aspirin enough? Is couma
din too much? Ann Thorac Surg 73:64-68

Jacobs ML, Pourmoghadam KK (2003) The hemi
Fontan operation. Pediatr Card Surg Ann Semin
Thorac Cardiovasc Surg 6:90-97

[ahangiri M, Kreutzer J, Zurakowski D, Bacha E, Jo
nas RA (2000) Evaluation of hemostasis and co
agulation factor abnormalities in patients under
going the Fontan operation. J Thorac Cardiovasc
Surg 120:778-782

References I 43

Iahangiri M, Shinebourne EA, Ross DB, Anderson
RH, Lincoln C (2001) Long-term results of relief
of subaortic stenosis in univentricular atrioven
tricular connection with discordant ventriculoar
terial connections. Ann Thorac Surg 71:907-910

Jonas RA, Castaneda AR, Lang P (1985) Single ven
tricle (single- or double-inlet) complicated by
subaortic stenosis: surgical options in infancy.
Ann Thorac Surg 39:361-365

Jonas RA, Castaneda AR (1988) Total cavo-pulmo
nary connection. J Thorac Cardiovasc Surg 96:830

Jonas RA, Castaneda AR (1988) Modified Fontan
procedure: atrial baffle and systemic venous to
pulmonary artery anastomotic technique. J Card
Surg 3:91-96

Iuaneda E, Haworth SG (1984) Pulmonary vascular
structure in patients dying after a Fontan proce
dure. The lung as a risk factor. Br Heart J 52:575

Kaneko Y, Hirata Y, Yagyu K, Murakami A, Takamoto
S (2003) Pulmonary-to-systemic blood flow ratio
oriented management after repair of obstructive
total anomalous pulmonary venous connection in
neonates with single ventricle. Ann Thorac Surg
75:1010-1012

Karl TR, Watterson KG, Sano S, Mee RBB (1991)
Operations for subaortic stenosis in univentricu
lar hearts. Ann Thorac Surg 52:420

Kauliz R, Ziemer G, Paul T, Peuster M, Bertram H,
Hausdorf G (2002) Fontan-type procedures: re
sidual lesions and late interventions. Ann Thorac
Surg 74:778-785

Kawashima Y, Kitamura S, Matsuda H, Shimazaki Y,
Nakano S, Hirose H (1984) Total cavopulmonary
shunt operation in complex cardiac anomalies: a
new operation. J Thorac Cardiovasc Surg 87:74-81

Keeton BR, Lie JT, McGoon DC, Danielson GK, Rit
ter DG, Wallace RB (1979) Anatomy of coronary
arteries in univentricular hearts and its surgical
implications. Am J Cardiol 43:569

Kelly JR, Mack GW, Fahey JT (1995) Diminished
venous vascular capacitance in patients with uni
ventricular hearts after the Fontan operation. Am
J Cardiol 76:158-163

Kim SJ, Park IS, Song JY, Lee JY, Shim WS (2004)
Reversal of protein-losing enteropathy with cal
cium replacement in a patient after Fontan op
eration. Ann Thorac Cardiovasc Surg 77:1456
1457

Kirklin JK, Blackstone EH, Kirklin JW, Pacifico AD,
Bargeron LM (1986) The Fontan operation: ven
tricular hypertrophy, age, and date of operation
as risk factors. J Thorac Cardiovasc Surg 92:
1049-1064

Knott-Craig CJ, Danielson GK, Schaff HV, Puga FJ,
Weaver AL, Driscoll DD (1995) The modified Fon
tan operation: an analysis of risk factors for early
postoperative death or takedown in 702 consecu-



44 I Single ventricle

tive patients from one institution. J Thorac Car
diovasc Surg 109:1237-1243

Kopf GS, Laks H, Stansel HC, Hellenbrand WE,
Kleinman CS, Talner NS (1990) Thirty year fol
low up of superior vena cava-pulmonary artery
(Glenn) shunts . J Thorac Cardiovasc Surg
100:662-671

Kopf GS, Kleinman CS, Hijazi Z, Fahey JT, Dewar
ML, Hellenbrand WE (1992) Fenestrated Fontan
with delayed transcatheter ASD closure: improved
results in high risk patients. J Thorac Cardiovasc
Surg 103:1039

Kreutzer CJ, Keane JF, Lock JE, Walsh EP, Jonas RA,
Castaneda AR, Mayer JE (1996) Conversion of
modified Fontan procedure to lateral atrial cavo
pulmonary anastomosis. J Thorac Cardiovasc
Surg 111:1169-1176

Kuhn MA, [armakani JM, Laks H, Alejos JC, Permut
LC, Galindo A, Isabel-Jones JB (1995) Effect of
late postoperative atrial septal defect closure on
hemodynamic function in patients with lateral
tunnel Fontan procedure. J Am ColI Cardiol
26:259-265

Kumar SP, Rubinstein CS, Simsic JM, Taylor AB,
Saul JP, Bradley SM (2003) Lateral tunnel versus
extracardiac conduit Fontan procedure: a concur
rent comparison. Ann Thorac Surg 76:1389-1397

Kuroczynski W, Kampmann C, Choi YH, Pruefer D,
Singelmann J, Huth R, Schmid FX, Heinemann
M, Oelert H (2003) The Fontan-operation: from
intra- to extracardiac procedure. Cardiovasc Surg
11:70-74

Kurosawa H, Imai Y, Fukuchi S, Sawatari K, Koh Y,
Nazakawa M, Takao A (1990) Septation and Fon
tan repair of univentricular atrioventricular con
nection. J Thorac Cardiovasc Surg 99:314-319

Kusa J, Bermudez-Caete R, Herraiz I, Bialkowski J,
Szkutnik M, Diaz MP, Villagra F, Sanchez PA
(2003) The prognostic value of balloon occlusion
in candidates for the various types of cavo-pul
monary anastomosis. Cardiol Young 13:323-327

Laks H, Haas GS, Pearl MJ, Sadeghi AM, George B,
Santulli TV, Williams RG (1988) The use of an
adjustable intraatrial communication in patients
undergoing the Fontan and other definitive heart
procedures. Circulation 78 (Suppl, 11):357

Laks H, Pearl JM, Haas GS, Drinkwater DC, Milgal
ter E, Iarrnakani JM, Isabel-Jones J, George BL,
Williams RG (1991) Partial Fontan: advantages of
an adjustable interatrial communication. Ann
Thorac Surg 52:1084-1094

Laks H, Ardehali A, Grant PW, Permut L, Aharon A,
Kuhn M, Isabel-Jones J, Galindo A (1995) Modifi
cation of the Fontan procedure: superior vena
cava to left pulmonary artery connection and in
ferior vena cava to right pulmonary artery con
nection with adjustable atrial septal defect. Circu
lation 91:2943-2947

Lamberti JJ, Thilenius 0, de la Fuente D, Lin CY, Ar
cilla R, Replogle RL (1976) Right atrial partition
and right ventricular exclusion. J Thorac Cardio
vase Surg 71:386-391

Lan YT, Chang RK, Drant S, Odim J, Laks H, Wong
AL, Allada V (2002) Outcome of staged surgical
approach to neonates with single left ventricle
and moderate size bulboventricular foramen. Am
J Cardiol 89:959-963

Lan YT, Chang RK, Laks H (2004) Outcome of pa
tients with double-inlet left ventricle or tricuspid
atresia with transposed great arteries. J Am ColI
CardioI43:113-119

Lee JR, Lee C, Chang JM, Bae EJ, Noh CI (2002)
Modified extracardiac Fontan in a patient with
separate hepatic venous drainage . Ann Thorac
Surg 73:992-993

LeeJR,Choi JS,Kang CH, BaeEJ,Kim YJ, Rho JR (2003)
Surgical results of patients with a functional single
ventricle. Eur J Cardiothorac Surg 24:716-722

Lemler MS, Scott WA, Leonard SR, Stromberg D,
Ramaciotti C (2002) Fenestration improves clini
cal outcomes of the Fontan procedure: a prospec
tive, randomized study. Circulation 105:207-212

Lev M, Liberthson RR, Kirkpatrick JR, Eckner FAO,
Arcilla RA (1969) Single (primitive) ventricle .
Circulation 39:577-591

Levy M, Danel C, Tamisier D, Vouhe PR, Leca F
(2002) Histomorphometric analysis of pulmonary
vessels in single ventricle for better selection of
patients for the Fontan operation. J Thorac Car
diovasc Surg 123:263-270

Levy M, Danel C, Laval AM, Leca F, Vouhe PR, Is
ral-Biet D (2003) Nitric oxide synthase expres
sion by pulmonary arteries: a predictive marker
of Fontan procedure outcome? J Thorac Cardio
vase Surg 125:1083-1090

Lin AE, Laks H, Barber G, Chin AJ, Williams RG
(1986) Subaortic obstruction in complex congeni
tal heart disease: management by proximal pul
monary artery to ascending aorta end-to-side
anastomosis. J Am ColI Cardiol 7:617-624

Liu J, Lu Y, Chen H, Shi Z, Su Z, Ding W (2004) Bi
directional Glenn procedure without cardiopul
monary bypass. Ann Thorac Surg 77:1349-1352

Macoviak JA, Baldwin JC, Ginsburg R, Fowler M,
Valentine H, Oyer PE, Stinson EB (1988) Ortho
topic cardiac transplantation for univentricular
heart. Ann Thorac Surg 45:85

Magee AG, McCrindle BW, Mawson J, Bensol LN,
Williams WG, Freedom RM (1998) Systemic ve
nous collateral development after the bi-direc
tional cavopulmonary anastomosis. J Am ColI
Cardiol 32:505-508

Magosso E, Cavalcanti S, Ursino M (2002) Theoreti
cal analysis of rest and exercise hemodynamics
with total cavopulmonary connection. Am J Phys
ioI282:H-1018-1034



Mainwaring RD, Lamberti JJ, Moore IW (1996) The
bidirectional Glenn and Fontan procedures-inte
grated management of the patient with function
ally single ventricle. Cardiol Young 6:198-207

Mair DD, Puga FI, Danielson GK (2001) The Fontan
procedure for tricuspid atresia: early and late re
sults of a 25-year experience with 216 patients. J
Am ColI Cardiol 37:933-939

Malhotra SP, Riemer RK, Thelitz S, He YP, Hanley
FL, Reddy VM (2001) Superior cavopulmonary
anastomosis suppresses the activity and expres
sion of pulmonary angiotensin-converting en
zyme. I Thorac Cardiovasc Surg 122:464-469

Marcelletti C, Mazzera E, Olthof H, Sebel PS, Duren
DR, Losekoot TG, Becker AE (1980) Fontan's op
eration: an expanded horizon. I Thorac Cardio
vase Surg 80:764

Marcelletti C, Corno AF, Giannico S, Marino B
(1990) Inferior vena cava to pulmonary artery ex
tracardiac conduit: a new form of right heart by
pass. I Thorac Cardiovasc Surg 100:228-232

Marcelletti CF, Hanley FL, Mavroudis C, McElhinney
DB, Abella RF, Marianeschi SM, Seddio F, Reddy
VM, Petrossian E, Della Torre T, Colagrande L,
Backer CL, Cipriani A, Iorio FS, Fontan F (2000)
Revision of previous Fontan connections to total
extracardiac cavopulmonary anastomosis: a mul
ticenter experience. I Thorac Cardiovasc Surg
119:340-346

Margossian RE, Solowiejczyk D, Bourlon F, Apfel H,
Gersony WM, Hordof AI, Quaegebeur I (2002)
Septation of the single ventricle: revisited. I
Thorac Cardiovasc Surg 124:442-447

Marino B, Corno AF, Pasquini L, Guccione P, Carta
MG, Ballerini L, De Simone G, Marcelletti C
(1987) Indication for systemic-pulmonary artery
shunts guided by two-dimensional and Doppler
echo cardiography: criteria for patient selection.
Ann Thorac Surg 44:495-498

Marino B, Giannico S, Pasquini L, Corno AF, Picar
do S (1988) Balloon-occlusion of the carotid ar
tery for the angiographic visualization of Bla
lock- Taussig shunts and pulmonary arteries.
Chest 94:267-269

Marshall IB, Duncan BW, Jonas AR (1997) The role of
angiogenesis in the development of pulmonary ar
teriovenous malformations in children after cavo
pulmonary anastomosis. Cardiol Young 7:370-374

Masuda M, Kado H, Shiokawa Y, Fukae K, Suzuki
M, Murakami E, Yasui H (1998) Clinical results
of the staged Fontan procedure in high-risk pa
tients. Ann Thorac Surg 65:1721-1725

Mavroudis C, Backer CL, Deal BJ (1997) The total
cavopulmonary artery Fontan connection using
lateral tunnel and extracardiac techniques. Oper
Tech card Thorac Surg 2:180

Mavroudis C, Deal BJ, Backer CL (2002) The benefi
cial effects of total cavopulmonary conversion

References I 45

and arrhythmia surgery for the failed Fontan.
Semin Thorac Cardiovasc Surg Pediatr Card Surg
Ann 5:12-24

Mayer IE, Helgason H, Ionas RA, Lang P, Vargas FI,
Cook N, Castaneda AR (1986) Extending the lim
its for modified Fontan procedures. I Thorac Car
diovasc Surg 92:1021-1028

Mayer IE, Bridges ND, Lock IE, Hanley FL, Ionas
RA, Castaneda AR (1992) Factors associated with
marked reduction in mortality for Fontan opera
tions in patients with single ventricle. I Thorac
Cardiovasc Surg 103:444-452

Mazzera E, Corno AF, Picardo S, Di Donato RM, Mar
ino B, Costa D, Marcelletti C (1989) Bidirectional
cavopulmonary shunts: clinical applications as
staged or definitive palliation. Ann Thorac Surg
47:415-420

McElhinney DB, Reddy VM, Moore P, Hanley FL
(1996) Revision of previous Fontan connections
to extracardiac or intraatrial conduit cavopulmon
ary anastomosis. Ann Thorac Surg 62:1276-1283

McElhinney DB, Reddy VM, Tworetky W, Petrossian
E, Hanley FL, Moore P (2000) Incidence and im
plications of systemic to pulmonary collaterals
after bi-directional cavopulmonary anastomosis.
Ann Thorac Surg 69:1222-1228

McGoon DC, Danielson GK, Ritter DG, Wallace RB,
Maloney ID, Marcelletti C (1977) Correction of
the univentricular heart having two atrioventri
cular valves. I Thorac Cardiovasc Surg 74:218

McGuirk SP, Winlaw DS, Langley SM, Stumper OF,
de Giovanni IV, Wright IG, Brawn WI, Barron DI
(2003) The impact of ventricular morphology on
midterm outcome following completion total
cavopulmonary connection. Eur I Cardiothorac
Surg 24:37-46

McKay R, Pacifico AD, Blackstone EH, Kirklin IW,
Bargeron LM (1982) Septation of the univentricu
lar heart with left anterior sub aortic outlet cham
ber. J Thorac Cardiovasc Surg 84:77-87

McKay R, Bini RM, Wright IP (1986) Staged septa
tion of double inlet left ventricle. Br Heart I
56:563

McMahon GI, el-Said HG, Mullins CE (2002) Trans
catheter creation of an atriopulmonary communi
cation in the Hemi-Fontan or Glenn circulation.
Cardiol Young 12:196-199

Mee RB (1994) Neonatal palliative switch for com
plex univentricular heart. Semin Thorac Cardio
vase Surg 6:39-40

Mertens L, Hagler DI, Sauer U, Somerville J, Gewil
lig M (1998) Protein-losing enteropathy after the
Fontan operation: an international multicenter
study. J Thorac Cardiovasc Surg 115:1063-1073

Meshalkin EN (1956) Anastomosis of the superior
vena cava with the pulmonary artery in patients
with congenital heart disease with blood flow in
sufficiency in the lesser circulation. Eksp Khir 1:3



46 I Single ventricle

Michielon G, Parisi F, di Carlo D, Squitieri C, Carot
ti A, Buratta M, di Donato RM (2003) Orthotopic
heart transplantation for failing single ventricle
physiology. Eur J Cariothorac Surg 24:502-510

Michielon G, Parisi F, Squitieri C, Carotti A, Ga
gliardi G, Pasquini L, di Donato RM (2003)
Orthotopic heart transplantation for congenital
heart disease: an alternative for high-risk Fontan
candidates? Circulation 108(Suppl. II):140-149

Miura T, Hiramatsu T, Forbess JM, Mayer JE (1995)
Effect of elevated coronary sinus pressure on cor
onary blood flow and left ventricular function:
implications after the Fontan operation. Circula
tion 92:II-298-303

Miura T, Kishimoto H, Kawata H, Hata M, Hoashi
T, Nakajima T (2004) Management of univentri
cular heart with systemic ventricular outflow ob
struction by pulmonary artery banding and Da
mus-Kaye-Stansel operation. Ann Thorac Surg
77:23-28

Moak JP, Gersony WM (1987) Progressive atrioven
tricular valvular regurgitation in single ventricle.
Am j cardiol 59:656-658

Monagle P, Karl TR (2002) Thromboembolic prob
lems after the Fontan operation. Semin Thorac
Cardiovasc Surg Pediatr Card Surg Ann 5:36-47

Moodie DS, Ritter DG, Tajik AH, O'Fallon WM
(1984) Long-term follow-up in the unoperated
univentricular heart. Am J Cardiol 53:1124-1128

Moodie DS, Ritter DG, Tajik AH, McGoon DC, Da
nielson GK, O'Fallon WM (1984) Long-term fol
low-up after palliative operation for univentricu
lar heart. Am J Cardiol 53:1648-1645

Mott AR, Spray TL, Gaynor JW, Godinez RI, Nicolson
SC, Steven JM, DeCampi WM, Schears GJ, Wer
novsky G (2001) Improved early results with cavo
pulmonary connections. Cardiol Young 11:3-11

Mott AR, Feltes TF, McKenzie ED, Andropoulos DB,
Bezold LI, Fenrich AL, Bedford SL, El-Said H,
Stayer SA, Fraser CD (2004) Improved early re
sults with the Fontan operation in adults with
functional single ventricle. Ann Thorac Surg
77:1334-1340

Myers JL, Waldhausen JA, Weber HS, Arenas JD, Cy
ran SE, Gleason MM, Baylen BG (1990) A recon
sideration of risk factors for the Fontan opera
tion. Ann Surg 211:738-744

Nakano T, Kado H, Ishikawa S, Shiokawa Y, Ushino
hama H, Sagawa K, Fusazaki N, Nishimura Y, Ta
noue Y, Nakamura T, Ueda Y (2004) Midterm sur
gical results of total cavopulmonary connection:
clinical advantages of the extracardiac conduit
method. J Thorac Cardiovasc Surg 127:730-737

Nakata S, Imai Y, Takanashi Y, Kurosawa H, Tezuka
M, Nakazawa M, Ando M, Takao A (1984) A new
method for the quantitative standardization of
cross sectional areas of the pulmonary arteries in
congenital heart diseases with decreased pulmo -

nary blood flow. J Thorac Cardiovasc Surg
88:610-619

Narkewicz MR, Sondheimer HM, Ziegler JW (2003)
Hepatic dysfunction following the Fontan opera
tion. J Pediatr Gastroenterol Nutr 36:352-357

Nawa S, Irie H, Takata K, Sugawara E, Teramoto S
(1989) Development of a new experimental model
for total exclusion of the right heart without the
aid of cardiopulmonary bypass . J Thorac Cardio
vase Surg 97:130-134

Norwood WI. Jacobs ML (1993) Fontan's procedure
in two stages. Am J Surg 166:548-551

Odegard KC, McGowan FX, Zurakowski D, DiNardo
JA, Castro RA, del Nido PJ, Laussen PC (2003)
Procoagulant and antocoagulant factor abnormal
ities following the Fontan procedure: increased
factor VIII may predispose to thrombosis. J
Thorac Cardiovasc Surg 125:1260-1267

Pacifico AD, Kirklin JK, Kirklin JW (1985) Surgical
management of double inlet ventricle. World J
Surg 9:579

Padalino MA,Saiki Y, Tworetzky W, del Nido PJ (2004)
Pulmonary venous pathway obstruction from re
current restriction at atrial septum late after Fontan
procedure. J Thorac cardiovasc Surg 127:281-283

Pass RH, Solowiejczyk DE, Quaegebeur JM, Liber
man L, Altmann K, Gersony WM, Hordof AJ
(2001) Bulboventricular foramen resection: he
modynamic and electrophysiologic results. Ann
Thorac Surg 71:1251-1254

Penkoske PA, Freedom RM, Williams WG, Trusler
GA, Rowe RD (1984) Surgical palliation of sub
aortic stenosis in the univentricular heart. J
Thorac Cardiovasc Surg 87:767-781

Penny DJ, Hayek Z, Redington AN (1991) The ef
fects of positive and negative extrathoracic pres
sure on pulmonary blood flow after total cavo
pulmonary connection. Int J Cardiol 30:128

Perryman RA, Iacquiss RDB (1997) Atrially based
pericardial tunnel for central pulmonary artery
construction. Ann Thorac Surg 64:228-230

Peters NS, Somerville J (1992) Arrhythmias after
the Fontan procedure. Br Heart J 68:199-204

Petko M, Myung RJ, Wernovsky G, Cohen MI, Ry
chik J, Nicolson SC, Gaynor JW, Spray TL (2003)
Surgical reinterventions following the Fontan
procedure. Eur J Cardiothorac Surg 24:255-259

Petrossian E, Reddy VM, McElhinney DB, Akkers
dijk GP, Moore P, Parry AJ, Thompson LD, Han
ley FL (1999) Early results of the extracardiac
conduit Fontan operation. J Thorac Cardiovasc
Surg 117:688-696

Piran S, Veldtman G, Siu S, Webb GD, Liu PP (2002)
Heart failure and ventricular dysfunction in pa
tients with single or systemic right ventricles .
Circulation 105:1189-1194

Pradat P, Francannet C, Harris JA, Robert E (2003)
The epidemiology of cardiovascular defects, part 1:



a study based on data from three large registries of
congenital malformations. Pediatr Cardiol 24:195
221

Puga FJ, Chiavarelli M, Hagler DJ (1987) Modifica
tion of the Fontan operation applicable to the pa
tients with left a-v valve atresia or single a-v
valve. Circulation 76:III-53-60

Rahimtoola SH, Ongley PA, Swan JC (1966) The he
modynamics of common (single) ventricle . Cir
culation 34:14-23

Recto MR, Sobczyk W, Yeh T, Austin EH (2003)
Catheter closure of autologous pericardial extra
cardiac Fontan fenestration. Ann Thorac Surg
75:587-590

Robicsek A, Temesvari A, Kadar RL (1956) A new
method for the treatment of congenital heart dis
ease associated with impaired pulmonary circula
tion . Acta Med Scand 154:151-161

Rodbard S, Wagner D (1949) Bypassing the right
ventricle. Proc Soc Exp Biol Med 71:69

Rodefeld MD, Boyd JH, Myers CD, LaLone BJ, Bez
ruczko AJ, Potter AW, Brown JW (2003) Cavopul
monary assist: circulatory support for the uni
ventricular Fontan circulation. Ann Thorac Surg
76:1911-1916

Rodefeld MD, Boyd JH, Myers CD, Presson RG,
Wagner WW, Brown JW (2004) Cavopulmonary
assist in the neonate: an alternative strategy for
single-ventricle palliation. J Thorac Cardiovasc
Surg 127:705-711

Rosenthal DN, Friedman AH, Kleinman CS, Kopf
GS, Rosenfeld LE, Hellenbrand WE (1995)
Thromboembolic complications after the Fontan
operation. Circulation 92:11-287-293

Rosenthal M, Bush A, Dienfield JE, Redington A
(1995) Comparison of cardiopulmonary adapta
tion during exercise in children after the atrio
pulmonary and total cavopulmonary connection
Fontan procedures. Circulation 91:372-378

Rothman A, Snyder J (1991) Protein-losing entero
pathy following the Fontan operation: resolution
with prednisone therapy. Am Heart J 121:618-619

Rydberg A, Teien DE, Krus P (1997) Computer sim
ulation of circulation in patient with total cavo
pulmonary connection: inter-relationship of car
diac and vascular pressure, flow, resistance and
capacitance. Med Biol Eng Comput 35:722-728

Sade RM, Gillette PC (1989) Fontan operation in a
case of single functional pulmonary artery. J
Thorac Cardiovasc Surg 98:153-154

Sakakibara S, Tominaga S, Imai Y, Uehara K, Matsu
muro M (1972) Successful total correction of
common ventricle. Chest 61:192

Saliba Z, Butera G, Bonnet D, Bonhoeffer P, Villain
E, Kachaner J, Sidi D, Iserin L (2001) Quality of
life and perceived health status in surviving
adults with univentricular hearts. Heart 86:69-73

References I 47

Scholl FG, Alejos JC, Laks H (1997) Revision of the
traditional atriopulmonary Fontan connection.
Adv Card Surg 9:217-227

Senzaki H, Kyo S, Matsumoto K, Asano H, Masutani
S, Ishido H, Matunaga T, Taketatu M, Kobayashi
T, Sasaki N, Yokote Y (2004) Cardiac resynchro
nization therapy in a patient with single ventricle
and intracardiac conduction delay. J Thorac Car
diovasc Surg 127:287-288

Shah MJ, Rychik J, Fogel MA, Murphy JD, Jacobs ML
(1997) Pulmonary arteriovenous malformations
after superior cavopulmonary connection: resolu
tion after inclusion of hepatic veins in the pulmo
nary circulation. Ann Thorac Surg 63:960-963

Sharma S, Ensley AE, Hopkins K, Chatzimavroudis
GP, Healy TM, Tam VK, Kanter KR, Yoganathan
AP (2001) In vivo flow dynamics of the total
cavopulmonary connection from three-dimen
sional multislice magnetic resonance imaging .
Ann Thorac Surg 71:889-898

Sierra C, Calleja F, Picazo B, Martinez-Valverde A
(1997) Protein-losing enteropathy secondary to
Fontan procedure resolved after cardiac transplan
tation. J Pediatr Gastroenterol Nutr 24:229-230

Somerville J, Becu L, Ross DN (1974) Common ven
tricle with acquired subaortic obstruction. Am J
Cardiol 34:206-214

Somerville J (1979) Changing form and function in
one ventricle hearts. Herz 4:206-212

Srivastava D, Preminger T, Lock JE, Mandell V, Keane
JF, Mayer JE, Kozakewich H, Spevak PJ (1995) He
patic venous blood and the development of pulmo
nary arteriovenous malformations in congenital
heart disease. Circulation 92:1217-1222

Stamm C, Friehs I, Mayer JE, Zurakowski D, Tried
man JK, Moran AM, Walsh EP, Lock JE, Jonas
RA, del Nido PJ (2001) Long-term results of the
lateral tunnel Fontan operation. J Thorac Cardio
vase Surg 121:28-41

Starnes SL, Duncan BW, Kneebone JM, Fraga CH,
States S, Rosenthal GL, Lupinetti FM (2000) Pul
monary microvessel density is a marker of angio
genesis in children after cavopulmonary anasto
mosis. J Thorac Cardiovasc Surg 120:902-907

Stefanelli G, Kirklin JW, Naftel DC, Blackstone EH,
Pacifico AD, Kirklin JK, Soto B, Bargeron LM
(1984) Early and intermediate-term (10-year) re
sults of surgery for univentricular atrioventricu
lar connection ("single ventricle"). Am J Cardiol
54:811-821

Stromvall Larrson E, Solymar L, Eriksson BO, de
Wahl Granelli A, Mellander M (2001) Bubble con
trast echocardiography in detecting pulmonary
arteriovenous malformations after modified Pon
tan operations. Cardiol Young 11:505-511

Sullivan ID, Taylor JFN (1989) Heats with one ven
tricle: current concepts and management. Arch
Dis Child 64:166-171



48 I Single ventricle

Sugiyama H, Yoo SI, Williams W, Benson LN (2003)
Characterization and treatment of systemic ve
nous to pulmonary venous collaterals seen after
the Fontan operation. Cardiol Young 13:424-430

Suzuki T, Murai T, Sato M, Ito T, Fukuda T (2002)
Arrhythmia after modified total cavopulmonary
connection without use of prosthetic material.
Ann Thorac Surg 73:102-106

Szabo G, Buhmann V, Graf A, Melnitschuk S, Bahrle S,
Vahl CF, Hagl S (2003) Ventricular energetics after
the Fontan operation: contractility-afterload mis
match . I Thorac Cardiovasc Surg 125:1061-1069

Tanoue Y, Sese A, Ueno Y, Hijii T (2001) Bidirectional
Glenn procedure improves the mechanical effi
ciency of a total cavopulmonary connection in
high-risk Fontan candidates. Circulation 103:
2176-2180

Tanoue Y, Sese A, Imoto Y, Ioh K (2003) Ventricular
mechanics in the bidirectional Glenn procedure
and total cavopulmonary connection. Ann Thorac
Surg 76:562-566

Taussig HB (1939) Cardiovascular anomalies : a sin
gle ventricle with a diminutive outlet chamber. I
Tech Methods 19:120

Tchervenkov CI, Tsang IC (1999) Surgical treatment
of single ventricle with aortic arch obstruction in
early life. Adv Card Surg 11:193-219

Tchervenkov CI, Chedrawy EG, Korkola SJ (2002)
Fontan operation for patients with severe distal
pulmonary artery stenosis, atresia, or a single
lung. Semin Thorac Cardiovasc Surg Pediatr Card
Surg Ann 5:68-75

Thies WR, Bargeron LM, Bini RM, Colvin EV, Soto
B (1986) Spectrum of hearts with one underde
veloped and one dominant ventricle. Pediatr Car
dioI7:129-139

Tokunaga S, Kado H, Imoto Y, Masuda M, Shiokawa
Y, Fukae K, Fusazaki N, Ishikawa S, Yasui H
(2002) Total cavopulmonary connection with an
extracardiac conduit: experience with 100 pa
tients . Ann Thorac Surg 73:76-80

Tomita H, Yazaki S, Kimura K, Ono Y, Yamada 0,
Ohuchi H, Yagihara T, Echigo S (2002) Potantial
goals for the dimensions of the pulmonary ar
teries and aorta with stenting after the Fontan
operation. Catheter Cardiovasc Interv 56:246-253

Troutman WB, Barstow TJ, Galindo AJ, Cooper DM
(1998) Abnormal dynamic cardiorespiratory re
sponses to exercise in pediatric patients after
Fontan procedure. J Am ColI Cardiol 31:668-673

Trusler GA, Freedom RM (1989) Management of
subaortic stenosis in the univentricular heart.
Ann Thorac Surg 47:643-645

Van Haesdonck JM, Mertens L, Sizaire R, Montas G,
Purnode B, Daenen W, Crochet M, Gewillig M
(1995) Comparison by computerized numeric
modeling of energy losses in different Fontan
connections. Circulation 92(Suppl. 11):322-326

Van de Wal HI, Ouknine R, Tamisier D, Levy M,
Vouhe PR, Leca F (1999) Bi-directional cavopul
monary shunt: is accessory pulsatile flow, good
or bad? Eur I Cardiothorac Surg 16:104-110

Van Praagh R, Ongley PA, Swan HIC (1964) Ana
tomic types of single or common ventricle in
man: morphologic and geometric aspects of 60
necropsied cases. Am I Cardiol 13:367-386

Van Praagh R, Plett lA, Van Praagh S (1979) Single
ventricle : pathology, embryology, terminology
and classification. Herz 4:113-150

Van Praagh R, David I, Van Praagh S (1982) What
is a ventricle? The single ventricle trap. Pediatr
Cardiol 2:79-84

Varma C, Warr MR, Hendler AL, Paul NS, Webb
GD, Therrien I (2003) Prevalence of "silent" pul
monary emboli in adults after the Fontan opera 
tion. J Am ColI Cardiol 41:2252-2258

Veldtman GR, Nishimoto A, Siu S, Freeman M, Fre
driksen PM, Gatzoulis MA, Williams WG, Webb
GD (2001) The Fontan procedure in adults . Heart
86:330-335

Vettukattil II (2002) Pathogenesis of pulmonary ar
teriovenous malformations: role of hepatopul
monary interactions. Heart 88:561-563

Vouhe PR (2001) Fontan completion: intracardiac
tunnel or extracardiac conduit? Thorac Cardio
vase Surg 49:27-29

Wlihlander H, Westerlind A, Lindstedt G, Lundberg
PA, Holmgren D (2003) Increased levels of brain
and atrial natriuretic peptides after the first pal
liative operation, but not after a bidirectional
Glenn anastomosis, in children with functionally
univentricular hearts. Cardiol Young 13:268-274

Weber HS, Gleason MM, Myers IL, Waldhausen lA,
Cyran SE, Baylen BG (1992) The Fontan opera
tion in infants less than 2 years of age. I Am Coll
Cardiol 19:828-833

Weinstein S, Cua C, Chan D, Davis IT (2003) Out
come of symptomatic patients undergoing extra
cardiac Fontan conversion and cryoablation. I
Thorac Cardiovasc Surg 126:529-536

Woods RK, Dyamenahalli U, Duncan BW, Rosenthal
GL, Lupinetti FM (2003) Comparison of extracar
diac Fontan techniques: pedicled pericardial tun 
nel versus conduit reconstruction. J Thorac Car
diovasc Surg 125:465-471

Yacoub MH, Radle-Smith R (1976) Use of a valved
conduit from right atrium to pulmonary artery
for "correction" of a single ventricle. Circulation
54(Suppl. III):63

Yeh T, Williams WG, McCrindle BW, Benson LN,
Coles JG, van Arsdell GS, Webb GD, Freedom
RM (1999) Equivalent survival following cavopul
monary shunt: with or without the Fontan proce
dure. Eur J Cardiothorac Surg 16:111-116

Yetman AT, Drummond-Webb J, Fiser WP, Schmitz
ML, Imamura M, Ullah S, Gunselman RI, Chipman



CW, Johnson CE, van Devanter SH (2002) The ex
tracardiac Fontan procedure without car
diopulmonary bypass technique and intermedi
ate-term results . Ann Thorac Surg 74:S-1416-1421

Zachary CH, Jacobs ML, Apostopoulou S, Fogel MA
(1998) One-lung Fontan operation: hemodynamics
and surgical outcome. Ann Thorac Surg 65:171
175

References I 49

Zajac A, Tomkiewicz L, Podolec P, Tracz W, Malec E
(2002) Cardiorespiratory response to exercise in
children after modified Fontan operation. Scand
Cardiovasc J 36:67-68

Zhang RF, Gong HD, Zhu HY, Li XM, Wang J, Zhang
NB, Tan LL (2002) Total cavopulmonary connec
tion with extraatrial tunnel. Asian Cardiovasc
Thorac Ann 10:35-38



CHAPTER 2.4 Pulmonary atresia
with ventricular septal defect

I Incidence

Pulmonary atresia with ventricular septal de
fect is a rare malformation, with an inci
dence of 0.042-0.070 per 1000 live births, or
1.5-3.4% of congenital heart defects, and a
slightly higher prevalence in males than in
females. Eighteen to 20% of patients with
tetralogy of Fallot have pulmonary atresia.

I Morphology (Figs. 2.4.1-2.4.3)

Hearts with pulmonary atresia with ventri
cular septal defect have a biventricular ar
rangement, concordant atrioventricular con
nections, unrestrictive ventricular septal de
fect, single aortic outlet and absent luminal
continuity between the right ventricle and
the pulmonary arterial circulation.

The ventricular septal defect, usually un
restrictive, is generally of the malalignment
type, resulting from extreme anterior devia
tion of the infundibular septum, and extends
nearly to the free wall of the right ventricle
anteriorly; there might be other types of
ventricular septal defect, occurring in any
portion of the ventricular septum.

The aorta can be entirely connected to the
left ventricle or may override the interventri
cular septum (26-50% of cases), with the
aortic root, viewed from the ventricle, ro
tated clockwise.

Pulmonary atresia resulting from anterior
deviation of the infundibular septum (like in
tetralogy of Fallot) with underdevelopment
of the right infundibular outflow tract and
atretic infundibulum is most the common

type (70% of the cases). More rarely pulmo
nary atresia can involve the pulmonary valve
alone, with a thick fibrous membrane taking
the place of the pulmonary valve, or with in
volvement of the pulmonary valve and the
proximal portion of the main pulmonary ar
tery, or it may involve a longer segment of
the main pulmonary artery. In any case
there is absence of luminal continuity be
tween the right ventricle and the main pul
monary artery or both the right and left pul
monary arteries. The main pulmonary artery
can be present and with reasonable size, but
in most cases is severely hypoplastic; more
rarely it consists of only a fibrous cord with
out lumen, and in 5% of the patients is com
pletely absent.

The morphology of the central pulmonary
arteries is highly variable. The central right
and left pulmonary arteries may be present
and communicate freely (confluent pulmo
nary arteries) or may not communicate
(nonconfluent pulmonary arteries) or may
be absent. Pulmonary artery discontinuity
(nonconfluent pulmonary arteries) is present
in 20-30% of patients. Stenosis at the origin
of the right pulmonary artery is present in
10% of the cases, while there is stenosis of
the left pulmonary artery in 20% of cases,
probably because of the process of closure of
the ductus arteriosus. The size of the pulmo
nary arteries at the prebranching site is ex
tremely variable, and it can be quantitated
with two different indexes: the McGoon ratio
(see reference: Piehler JM), consisting of the
ratio between the sum of the diameters of
the right plus left pulmonary artery divided
by the diameter of the descending thoracic
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Fig. 2.4.1. Pulmonary atresia with ventricular septal defect,
fibrous continuity between the right ventricle and pulmonary

artery, and ductus-dependent pulmonary circulation: a mor
phology, b pathophysiology, C surgery

Fig. 2.4.2. Pulmonary atresia with ventricular septal defect,
absence of continuity between the right ventricle and pul-

aorta at the level of the diaphragm, and the
Nakata index (see reference: Nakata S), con
sisting of the ratio between the sum of the
cross sectional areas of the right plus left
pulmonary artery divided by the body sur
face area of the patient.

The pulmonary circulation presents with a
high variability of situations (Fig. 2.4.4), and
it may be supplied by a patent ductus arteri
osus, by major aortopulmonary collateral ar-

monary artery, and ductus-dependent pulmonary circulation.
a Morphology, b pathophysiology, C surgery

teries (present in at least 60-70% of cases),
or by plexuses of bronchial and pleural ar
teries (5%).

The pathology of the intrapulmonary ar
teries depends on the source and amount of
pulmonary blood flow. In the presence of a
large patent ductus arteriosus supplying con
fluent pulmonary arteries, the blood flow
and the intrapulmonary arteries of both
lungs can be normal. In the absence of pat-
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Fig. 2.4.3. Pulmonary atresia with
ventricular septal defect and major
aortapulmonary collateral arteries.
a Morphology, b pathophysiology
and surgery, c palliation: unifocaliza
tion and central shunt, and d repair

ent ductus arteriosus and the presence of
multiple major aortopulmonary collateral ar
teries, the consequence is an abnormal intra
pulmonary arborization, with dishornoge
neous morphology of the intrapulmonary ar
teries among different pulmonary segments.
Only about half (53%) of patients with con
fluent pulmonary arteries present with pul
monary arteries reaching all 20 pulmonary
segments, while less than 20% of patients
with nonconfluent and/or hypoplastic pul
monary arteries have complete distribution
of pulmonary arteries to all pulmonary seg
ments. The major aortopulmonary collateral
arteries may anastomose at any site in the
pulmonary vascular tree: extrapulmonary,

hilar, lobar and segmental level. Rare cases
have been reported with mixed source of
pulmonary blood flow, with the simulta
neous presence of patent ductus arteriosus
and major aortopulmonary collateral ar
teries. In these cases the nature and distri
bution of the pulmonary arterial supply is
often very complex. Exceptional reports exist
with the presence of bilateral (right and left)
ductus arteriosus.

The orientation and position of the ductus
arteriosus, when present, are abnormal, with
a downward direction from beneath the left
aortic arch; also size and shape are quite
variable, while in most patients the ductus is
longer and more tortuous than usual.
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Major collateral arteries are systemic ar
teries originating from the splanchnic arterial
network which persist after birth and provide
blood to the lungs by different modalities.
They arise typically from the descending tho
racic aorta, less commonly from the subcla
vian arteries, and rarely from the internal
mammary (thoracic) arteries, intercostal ar
teries, carotid arteries or abdominal aorta; ex
tremely rare cases have been reported with
collateral arteries arising from coronary ar
teries. After a complex course in the posterior
mediastinum where relationships are taken
with the esophagus and the airway, collaterals
reach the lungs and provide pulmonary blood
flow either terminally or communicating with
native proximal or distal pulmonary arterial
branches. They may feed one side of the
lungs, both sides or cross to the opposite side.
Non-communicating collaterals branching
within the pulmonary parenchyma have the
same histologic characteristics of normal pul
monary arteries and may undergo hyperten
sive vascular changes exactly as normal pul
monary vasculature does. Because of pro
cesses of intimal proliferation, major collat
erals can develop stenosis in up to 60% of
the patients. Stenoses are thought to be a con
sequence of the shear stress related to the high
velocity of blood flow due to the aortapul
monary pressure gradient. They may evolve
quite variably and unpredictably, and may
have a protective effect on pulmonary micro
vasculature. However, they may also compli
cate the surgical treatment of the disease.

Fig. 2.4.4. Pulmonary atresia with ventricular septal defect:
morphology. a Anatomical fibrous continuity between the
right ventricle and the main pulmonary artery, perfused by a
patent ductus arteriosus. (AD aorta, LA left atrium, LV left
ventricle, PA pulmonary artery, PDA patent ductus arteriosus,
RA right atrium, RV right ventricle) (reproduced with permis
sion from Marino B, Thiene G (1990) Atlante di anatomia
ecocardiografica delle cardiopatie congenite, USES, Firenze,
b major aortopulmonary collateral arteries (white arrows) ori
ginating from the aorta and its branching and perfusing the
lung (photograph courtesy of Dr. Bruno Marino), c major aor
topulmonary collateral artery (white arrow) orignating from
the aorta, which branches and perfuses the lung (photo
graph courtesy of Dr. Bruno Marino)



I Associated anomalies

Like tetralogy of Fallot with pulmonary ste
nosis, 25% of these patients have a dilated
right aortic arch, although some estimate
that is thought to be as frequent as 50%.
Other anomalies identified in association
with pulmonary atresia with ventricular sep
tal defect include dextrocardia, heterotaxia,
anomalous pulmonary or systemic venous
connections, atrial septal defect or patent
foramen ovale (50%), atrioventricular septal
defect, tricuspid atresia, double inlet single
left ventricle, aortic valve stenosis, complete
transposition of the great arteries, double
discordance (= congenitally corrected trans
position of the great arteries), anomalous
coronary arteries like in tetralogy of Fallot
or coronary artery-to-pulmonary artery fis
tulas, reported in about 10% of patients with
pulmonary atresia with ventricular septal de
fect, from either the left (most frequently) or
the right coronary artery, in all cases joining
the central pulmonary artery (see chapter
"Anomalous coronary arteries").

Pulmonary atresia with ventricular septal
defect is one of the most common cardiac
defects associated with various syndromes:
DiGeorge (= velocardiofacial syndrome with
deletion of chromosome 22q11.2, previously
called CATCH-22 =cardiac defect, abnormal
face, thymic hypoplasia, cleft palate, hypo
calcemia, micro deletion of band 22qll), VA
TER (= vertebral defects, anal atresia, tra
cheoesophageal fistula with esophageal atre
sia, renal and radial anomalies), CHARGE
(= coloboma, heart disease, atresia choanae,
retarded growth, retarded development and/
or central nervous system anomalies, genital
hypoplasia, ear anomalies and/or deafness),
Alagille, eat's-eye, de Lange, Klippel-Feil,
Down. Patients with deletion of chromosome
22q11.2 present a higher incidence of hypo
plastic pulmonary arteries (41%) than pres
ence of confluent pulmonary arteries (16%).
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I Pathophysiology

Pulmonary atresia with ventricular septal de
fect demonstrates a very wide spectrum of
pathophysiologic patterns and severity, from
elevated pulmonary blood flow through pat
ent ductus and collaterals to very reduced
pulmonary blood flow. The source, volume
and distribution of the pulmonary arterial
supply is often very complex. In the majority
of patients (60%) the pulmonary arterial
pressure tends to be normal or below nor
mal because of the presence of stenoses of
the collateral arteries either at the proximal
(systemic) origin or at intrapulmonary sites,
and because the stenoses tend to progress
over time in untreated children. Pulmonary
hypertension is not frequently encountered
in these patients, but it may be present or
develop in lung segments perfused by un
restricted arterial supply.

I Diagnosis

• Clinical pattern:
- the age at presentation may vary depend

ing on the total amount of pulmonary
blood flow; the great majority of patients
come to observation in the neonatal peri
od with cyanosis because of the closure of
the ductus arteriosus; when the ductus ar
teriosus is the only source of pulmonary
blood flow, cyanosis may be very severe;
patients with reduced pulmonary blood
flow coming later to observation present
with severe cyanosis and polycytemia; in
the presence of large patent ductus arte
riosus or multiple collateral arteries, well
developed, presentation may be delayed
and the symptom cyanosis is not very
clear, since there is an increased pulmo
nary blood flow and the patients present
with congestive heart failure more than
cyanosis; patients may also present later
with progressive cyanosis because growth
outstrips the pulmonary blood flow; sur
vival through adulthood has been de
scribed in a few patients with well-devel-
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oped collateral arteries; respirators dis
tress with persistent airway hyperrespon
siveness is one of the most common prob
lems, because of the tracheobronchomala
cia due to the external airways compres
sion by the hypertensive collaterals, par
ticularly with the association of the right
aortic arch; hemoptysis can occur as the
result of rupture of dilated systemic-pul
monary collateral arteries; on auscultation,
the second cardiac sound is always single
and often accentuated, a systolic murmur
is audible along the lower left sternal bor
der, and a continuous murmur is heard
over the upper chest in the presence of
patent ductus arteriosus, while it may dif
fusely audible over the entire chest and in
the back in the presence of major aorta
pulmonary collateral arteries.

Electrocardiogram:
- right axis deviation with right atrial and

right ventricular hypertrophy.

Chest X-ray:
- classical imaging of boot-shaped heart,

due to upturned heart caused by the right
ventricular hypertrophy and the concavity
in the region of the main pulmonary ar
tery produced by the underdevelopment
of the entire right ventricular outflow
tract (Fig. 2.4.5); the aorta is generally di
lated, with a right aortic arch in 25-50%
of patients.

I Echocardiogram:
the parasternal long-axis view shows a
large aortic valve overriding a malalign
ment ventricular septal defect, and is also
used to detect anomalous coronary ar
teries; the parasternal cross sectional view
confirms the presence of a blind hypoplas
tic right ventricular outflow tract; the su
prasternal and high parasternal views pro
vide information on presence, confluence
and size of the pulmonary arteries, pa
tency of the ductus arteriosus and side of
the aortic arch; color flow imaging iden
tifies the sources of pulmonary blood
flow, including patent ductus arteriosus
and/or major aortopulmonary collaterals.

I Cardiac catheterization:
- cardiac catheterization is necessary in all

patients, with the exception of those se
verely cyanotic and requiring an urgent
systemic to pulmonary artery shunt be
cause of ductus-dependent pulmonary cir
culation;
in the cardiac catheterization the presence,
confluence, size and distribution of the
true pulmonary arteries should be identi
fied as well as the collateral circulation
(Figs. 2.4.6-2.4.10), the coronary artery
anatomy, and the presence of any other
ventricular septal defect that might be as
sociated with a ventricular malalignment
septal defect;

Fig. 2.4.5. Pulmonary atresia
with ventricular septal defect:
radiology. Anteroposterior chest
X-ray with the classical imaging
of boot-shaped heart, with poor
lung perfusion



Fig. 2.4.6. Pulmonary atresia with ventricular septal defect:
angiography. a Anteroposterior view with contrast injection
in the left-sided innominate artery (because of the presence
of the aortic arch) showing the left pulmonary artery opaci
fied from a previously modified left Blalock-Taussig shunt in
a patient with pulmonary atresia, ventricular septal defect,
disconnected pulmonary arteries, right aortic arch (LBTs left
modified Blalock-Taussig shunt, UA left-sided innominate ar
tery, LPA left pulmonary artery, LSA left subclavian artery),
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hypoplastic confluent pulmonary arteries
are visualized on angiography with a char
acteristic "sea-gull" aspect on the antero
posterior view; they can be shown by retro
grade filling from a collateral injection or a
pulmonary venous wedge injection and by
direct filling via a collateral or a previous
shunt; in the presence of collaterals, they
should be first investigated by a thoracic
descending aortogram, followed by selec
tive pressure measurement and angiogra
phy, possibly with a balloon inflated for
temporary distal aortic occlusion;

- both collaterals and native pulmonary ar
teries (when present) should be classified
for size, number of perfused lung seg
ments, and areas of dual pulmonary blood
supply, the calculation of indexed cross
sectional areas of pulmonary arteries (pul
monary artery index) and of collaterals
(total collateral index), as well as their
sum (total neopulmonary artery index),
may be helpful for surgical planning;

- patients with increased pulmonary blood
flow and congestive heart failure could
benefit from coil occlusion of collateral ar
teries;

b contrast injection in the same patient showing the right
aortic arch giving origin to a hypertensive (systemic pressure)
major aortopulmonary collateral artery perfusing the middle
and inferior right lobes, and the descending thoracic aorta
giving origin to a hypertensive (systemic pressure) major aor
topulmonary collateral artery perfusing the right upper lobe;
there is confirmation that the pulmonary arteries are discon
nected (DTAo descending thoracic aorta, iMAPCA inferior
major aortapulmonary collateral artery, RAA right aortic
arch, sMAPCA superior major aortopulmonary collateral ar
tery), c contrast injection in the same patient showing the
major aortopulmonary collateral artery perfusing the right
upper lobe after surgical disconnection from the aorta and
end-to-side anastomosis to the other major aortopulmonary
collateral artery perfusing the middle and inferior right lobes,
and banding (black arrow) of the proximal segment of the
second major aortopulmonary collateral artery, reducing the
distal pressure to half the systemic value; the patient sub
sequently underwent successful repair with closure of the
ventricular septal defect, pericardial roll reconstruction of the
pulmonary arteries confluence and biological valved conduit
implantation between the right ventricle and the new pul
monary arteries bifurcation
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Fig. 2.4.7. Pulmonary atresia with ventricular septal defect:
angiography. a Anteroposterior view with contrast injection
at the origin of the right subclavian artery in a child with
pulmonary atresia, ventricular septal defect and major aorto

Fig. 2.4.8. Pulmonary atresia with ventricular septal defect:
angiography. Angiocardiography with balloon occlusion of
the distal descending thoracic aorta and contrast injection
showing the origin of multiple collateral arteries (black aster
isk), one with an evident stenosis (white arrow), perfusing
the right and the left lung (AB aortic balloon, OTAa descend
ing thoracic aorta, LPA left pulmonary artery, RPA right pul
monary artery

pulmonary artery pressure and resistance
should be evaluated in older patients with
unrestrictive communications between the
systemic and the pulmonary circulations
to rule out pulmonary vascular obstruc
tive disease.

I Indications for surgical treatment

Identification of the systemic pulmonary
blood supply is essential in planning the
type of surgical approach. In neonates with
ductus-dependent pulmonary blood flow,
prostaglandin administration is often re
quired to keep the ductus arteriosus open
until surgery can be performed. Various sur
gical options are available, depending upon
the heterogeneity of the anatomy and patho
physiology of the individual patient, espe
cially in the presence of collateral arteries.

pulmonary collateral arteries, showing the collateral arteries
perfusing the right lung (RSA right subclavian artery), b an
giocardiography of the same patient with contrast injection
from the descending thoracic aorta at the origin of collateral
arteries perfusing the left lung, c angiocardiography of the
same patient with contrast injection from the descending
thoracic aorta at the origin of multiple collateral arteries per
fusing the right and the left lung



Fig. 2.4.9. Pulmonary atresia with ventricular septal defect:
angiography. Anteroposterior view with contrast injection
showing a stenotic segment of a major aortopulmonary col
lateral artery immediately after its origin from the descend
ing thoracic aorta, and before its branching for the left lung;
this morphology is suitable for dilatation and stent implanta
tion to recruit the perfusion to the left lung

In order to achieve the ultimate goal of a
complete repair in such complex situation:
• First: multifocal pulmonary blood supply

needs to be converted to a single source
through so - called "unifocalization" pro
cedures;

• Second: the neopulmonary vascular bed
must be large enough to receive the whole
cardiac output;

• Third: the pulmonary vascular tree needs
to be connected to as many as possible
undamaged lung segments.

Three-quarters of the total lung capacity, or
15 of the 20 lung segments or 11/2; lung should
be incorporated in the unifocalization in or
der to obtain the best functional results.

• Palliation
In the presence of hypoplastic, nonconfluent
or absent pulmonary arteries, or inadequate
peripheral arborization, only a palliative
approach can be take into consideration as
the initial surgical treatment.
• Modifiefd Blalock-Taussig shunt: the most

used palliative surgical approach to in-
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Fig. 2.4.10. Pulmonary atresia with ventricular septal defect:
angiography. a Anteroposterior view in a neonate with pul
monary atresia, ventricular septal defect, confluent pulmo
nary arteries and ductus-dependent pulmonary blood flow,
with contrast injection in the aorta near the origin of the
patent ductus arteriosus (white arrow); this morphology is
favorable for surgical treatment (DTAo descending thoracic
aorta, LPA left pulmonary artery, RPA right pulmonary artery),
b lateral view in the same neonate with contrast injection in
the right ventricle and opacification of the left ventricle and
aorta, single outlet for the heart (Ao aorta, LV left ventricle,
RV right ventricle)

crease the pulmonary blood flow in cya
notic patients, nowadays finds a very lim
ited application in children with pulmo
nary atresia with ventricular septal defect,
because of frequent reports of distortion
with or without acquired discontinuity of
the pulmonary arteries, and occasionally
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development of pulmonary hypertension
in the supplied lung segments.

• Palliative right ventricular outflow tract
reconstruction: growth of pulmonary ar
teries, enabling later complete repair, can
be obtained by increasing their perfusion
pressure and flow through a right ventri
cular outflow tract reconstruction. If col
lateral arteries exist and provide terminal
perfusion to the otherwise excluded lung
segments, then incorporation of those col
lateral arteries through a process of unifo
calization should be considered. Collateral
arteries responsible for dual perfusion can
be surgically ligated or coil-occluded with
percutaneous intervention.

• Creation of an aortopulmonary window:
In patients considered as unsuitable can
didates for single-stage unifocalization
and complete repair because of the pres
ence of poorly developed aortopulmonary
collateral arteries and hypoplastic pulmo
nary arteries, a recently introduced surgi
cal option is the creation of an aortopul
monary window. The selection criteria in
clude: 1) presence of centrally confluent
true pulmonary arteries 1.0 to 2.5 mm in
diameter, with a well-developed peripheral
arborization pattern, 2) multiple small
aortopulmonary collaterals, most of which
are in communication with the true pul
monary arterial system; 3) severe cyano
sis. This surgical approach can increase
the size of the true pulmonary arteries,
making these patients better candidates
for eventual complete repair.

• UniJocalization with central shunt or right
ventricular outflow tract reconstruction
without closure of the ventricular septal
defect: in the presence of bilateral major
aortopulmonary collateral arteries with
different origin of the pulmonary blood
source, either sequential unilateral unifo
calization (more rarely in infants and
more frequent in older patients with late
referral) or simultaneous bilateral unifo
calization is performed, with either a cen
tral shunt (PTFE tubular prosthesis con
necting the ascending aorta to the recon-

structed pulmonary artery confluence) or
a valveless conduit (PTFE or pericardial)
or a biological valved conduit interposed
between the right ventricle and the pul
monary artery reconstructed confluence
(leaving the ventricular septal defect
open) to provide unrestrictive pulmonary
blood flow and to homogeneous develop
ment of the pulmonary arteries.

• Reduction of pulmonary blood flow and
pressure: major aortopulmonary collateral
arteries with excessive pulmonary artery
blood flow and pressure, when they can
not be either included in the unifocaliza
tion process or occluded by coil in the
catheterization laboratory, need to be in
terrupted where there is an alternative
source of blood flow to the lung segments
involved, or a banding of these collateral
arteries has to be considered, particularly
in older children in the presence of collat
eral arteries with systemic pressure.

• Repair
Complete repair consists of complete separa-
tion of the pulmonary and systemic circula
tions by closure of the atrial and ventricular
septal defects, closure of all extracardiac
sources of pulmonary blood flow, and
establishment of unobstructed continuity
between the right ventricle and pulmonary
arteries (or the reconstructed confluence of
the bilateral pulmonary blood supply) with
interposition of an extracardiac valved con
duit .

Single stage unifocalization of pulmonary
blood supplies and complete intracardiac re
pair is the procedure of choice in infants,
leaving the single stage unifocalization with
postponed closure of the ventricular septal
defect as an alternative surgical approach in
the absence of the criteria for single stage
complete repair.

The criteria for complete surgical repair
are the following:
• in the presence of intrapericardial pulmo

nary arteries, their cross-sectional area
must be more than 50% of the normal value
for the age and body surface of the patient;



• the pulmonary arteries must supply at
least 10 lung segments, or the equivalent
of one lung;

• in the presence of a single pulmonary ar
tery, it must have normal size and supply
all segments of that lung.

I Heart-lung transplantation.
This is an extreme surgical option to be con
sidered for end-stage patients unsuitable for
any alternative surgical treatment or with
demonstrated diffused pulmonary vascular
obstructive disease.

I Individualized integrated approach.
An "individualized integrated approacH' was
proposed by Adriano Carotti (see refer
ences), and has been further developed
since, in order to increase the probability of
reaching complete surgical repair, regardless
of the anatomical complexity. According to
the "individualized integrated approach", pa
tients undergo a preoperative selection

Fig. 2.4.11. Pulmonary atresia with ventricular septal defect:
indication for surgery. Individualized integrated approach,
based on the measurement of the total neopulmonary arteri
al index (mPAP mean pulmonary artery pressure, PAl pulmo
nary arterial index, RVOTR right ventricular outflow tract re
construction, TNPAI total neopulmonary arterial index, VSD
ventricular septal defect) (reproduced with permission from
Carotti A, Albanese 58, Minniti G, Guccione P, di Donato RM
(2003) Increasing experience with integrated approach to
pulmonary atresia with ventricular septal defect and major
aortopulmonary collateral arteries. Eur J Cardiothorac Surg
23:719-727)
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mainly based on the indexed measurements
of the pulmonary blood flow sources. The
main criterion is the preoperative calculation
of the total neopulmonary arterial index
(Fig. 2.4.11), resulting from the combined
cross-sectional area of both native pulmo
nary arteries and major aortopulmonary col
lateral arteries indexed to the body surface
area. A value of total neopulmonary arterial
index equal or greater than 150 mm2tm2 is
indicative of an overall compliance of the
pulmonary vascular tree adequate to accom
modate single-stage unifocalization; these
patients can undergo through median ster
notomy a complete unifocalization on cardi
opulmonary bypass, and the suitability for
closure of the ventricular septal defect is as
sessed intraoperatively by a pulmonary
blood flow-study. Patients with a total neo
pulmonary arterial index less than 150 mm2t
m2 are primarily treated by a palliative sur
gical approach aimed at increasing the for
ward blood flow into the true pulmonary ar
teries to promote their growth, to possibly
allow subsequent midline unifocalization
and later complete repair.

I Alternative surgical approach
In the rare presence of major aortopulmonary
collaterals all originating from a relatively
short segment of the descending thoracic aor
ta, a possibility is to perform a single stage re
pair using the transected segment of the des
cending thoracic aorta, containing the origin
of collaterals, connected to the right ventricle
via a biological valved conduit.

I Surgical treatment

I Creation of an aortopulmonary window
Through a median sternotomy, without car
diopulmonary bypass, the hypoplastic con
fluence of the true pulmonary arteries is dis
sected free and then end-to-side anasto
mosed to the lateral aspect of the ascending
aorta, by means of a temporary side aortic
clamp (Fig. 2.4.12)
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Fig. 2.4.12. Pulmonary atresia with ventricular septal defect:
surgery. Palliation: central end-to-side shunt (= Melbourne
shunt) (reproduced with permission from: Duncan BW, Mee
RBB, Prieto LR, Rosenthal GL, Mesia CI, Qureshi A, Tucker Op,
Rhodes JF, Latson LA (2003) Staged repair of tetralogy of Fal
lot with pulmonary atresia and major aortopulmonary collat
eral arteries. J Thorac Cardiovasc Surg 126:694-702)

I Unifocalization with central shunt
or right ventricular outflow tract
reconstruction without closure
of the ventricular septal defect
(Figs. 2.4.13-2.4.15)

Through a median sternotomy all the major
aortapulmonary collateral arteries are identi
fied through the transverse sinus and poste
rior mediastinal dissection, controlled and
snared just before the beginning of cardio
pulmonary bypass. Collateral arteries are
then separated from their systemic origin,
mobilized toward the posterior mediastinum
and joined together to construct a pulmo
nary artery confluence, either with direct
anastomoses or with the interposition of an
autologous or heterologous pericardial roll
(Figs. 2.4.16 and 2.4.17); the pulmonary
blood flow is obtained either with a central
shunt (PTFE tubular prosthesis proximally
anastomosed end-to-side to the lateral aspect
of the ascending aorta and distally end to
side anastomosed to the reconstructed pul
monary artery confluence) or a valveless
conduit (PTFE or pericardial) (Figs. 2.4.18),
or a biological valved conduit interposed be
tween a right ventriculotomy and the pulmo-

Fig. 2.4.13. Pulmonary atresia with ventricular septal defect:
surgery. a Preparation of two major aortopulmonary collat
eral arteries (white arrows) for unifocalization with end-to
side anastomosis to the pulmonary artery branch, longitudin
ally incised and controlled with a vascular clamp (PA pulmo
nary artery, VC vascular clamp), b completed anastomosis of
the two major aortopulmonary collateral arteries (white ar
rows) to the pulmonary artery branch

Fig. 2.4.14. Pulmonary atresia with ventricular septal defect:
surgery. Intraoperative photograph after unifocalization with
a pericardial roll and central shunt with a PTFE tubular pros
thesis (PR pericardial roll, TP tubular prosthesis)
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nary artery reconstructed confluence. The
ventricular septal defect is left open, or it
may be closed with a fenestrated PTFE
patch, to allow right ventricular decompres
sion, with later closure using a procedure of
interventional cardiology.

I Single-stage unifocalization
and complete repair

The unifocalization of the major aortopul
monary collateral arteries is performed as
for the two-stages repair (see above); the ven
tricular septal defect is closed from a longitu
dinal right ventriculotomy with a prosthetic
patch, leaving the aortic valve in communica
tion with the left ventricle; the right ventricle
to pulmonary artery continuity is obtained
with a biological valved conduit (rarely a
monocusp valve patch or a valveless conduit
is used) interposed between the same right
ventriculotomy used for closure of the ventri
cular septal defect and the pulmonary artery
reconstructed confluence.

• Alternative surgical approach
The segment of the descending thoracic aor
ta containing the origin of all the collaterals,
reached on cardiopulmonary bypass through
a median sternotomy, is transected during a
period of circulatory arrest and replaced

Fig. 2.4.1S. Pulmonary atresia with ventricular septal defect:
surgery. a Preoperative angiography in a neonate with injec
tion in the descending thoracic aorta showlnq multiple aor
topulmonary collateral arteries retrogradedly perfusing the
true, confluent, hypoplastic pulmonary arteries (white ar
rows), with the typical imaging of "sea gull" at their conflu
ence, b angiography in the anteroposterior view of the same
patient at 8 years of age, after unifocalization and implanta
tion of an homograft between the right ventricle and the
pulmonary arteries bifurcation, leaving the ventricular septal
defect open; later this patient underwent final repair, with
closure of the ventricular septal defect (H homograft, LPA left
pulmonary artery, RPA right pulmonary artery, RV right ven
tricle, c angiography in the lateral view showing opacification
of the pulmonary artery branching for both lungs
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Fig. 2.4.16. Pulmonary atresia with ventricular septal defect:
surgery. a Preoperative angiography in the anteroposterior
view in a child with pulmonary atresia, ventricular septal de
fect and major aortopulmonary collateral arteries, showing
the presence of native pulmonary arteries of intermediate
size (LPA left pulmonary artery, RPA right pulmonary artery)
(photograph courtesy of Dr. Adriano Carotti), b schematic
drawing of the native pulmonary arteries and major aorto
pulmonary collaterals corresponding to the angiography in a,
c schematic drawing of the surgical unifocalization: the major
aortopulmonary collaterals are closed with double pledget
supported sutures at their aortic origin, and then transected
and longitudinally opened; the native pulmonary arteries are
longitudinally opened,

d schematic drawing of the final result of the surgical unifo
calization, with posterior tissue-to-tissue anastomosis and
anterior augmentation with autologous pericardial patch
(white star); the continuity between the right ventricle and
the pulmonary artery confluence is obtained with a biologi
cal valved conduit (BVC biological valved conduit), e postop
erative angiography in the same child showing the final re
sult of the surgical unifocalization, with totally unifocalized
pulmonary arterial tree (b-e reproduced with permission
from: Carotti A, di Donato RM, Squitieri C, Guccione P, Catena
G (1998) Total repair of pulmonary atresia with ventricular
septal defect and major aortopulmonary collaterals: an inte
grated approach. J Thorac Cardiovasc Surg 116:914-923)



Fig. 2.4.17. Pulmonary atresia with ventricular septal defect:
surgery. a Preoperative angiography in the anteroposterior
view in a child with pulmonary atresia, ventricular septal de
fect and major aortopulmonary collateral arteries, showing
the absence of native pulmonary arteries (photograph cour
tesy of Dr. Adriano Carotti), b schematic drawing of the ma
jor aortopulmonary collaterals corresponding to the angiogra
phy in a, c schematic drawing of the surgical unifocalization:
the major aortapulmonary collaterals are closed with double
pledget-supported sutures at their aortic origin, and then
transected and longitudinally opened,
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d schematic drawing of the final result of the surgical unifo
calization, with posterior tissue-to-tissue anastomosis and
anterior augmentation with the distal and of a biological
valved conduit (BVe biological valved conduit), e postopera
tive angiography in the same child showing the final result
of the surgical unifocalization, with a totally unifocalized pul
monary aterial tree (b-e reproduced with permission from
Carotti A, di Donato RM, Squitieri C, Guccione P, Catena G
(1998) Total repair of pulmonary atresia with ventricular sep
tal defect and major aortopulmonary collaterals: an inte
grated approach. J Thorac Cardiovasc Surg 116:914-923)

with a PTFE conduit. The distal end of the
above segment is closed by running suture,
while the proximal end is end-to-side anas
tomosed to the native pulmonary artery con
fluence. At this point the conventional intra
cardiac repair is performed, with patch clo
sure of the ventricular septal defect and in
terposition of a biological valved conduit be
tween the right ventricle and the confluence
between the native pulmonary arteries and
the transected aortic segment.
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Fig. 2.4.18. Pulmonary atresia with ventricular septal defect:
surgery. Intraoperative photograph showing the end of the
surgical procedure consisting of closure of the ventricular
septal defect and transannular heterologous pericardial patch.
The ascending aorta is displaced on the right side to show
the distal end of the patch (Ao aorta, PA pulmonary artery,
RA right atrium, RV right ventricle, TAP transannular patch)

I Potential complications

Inadequate and/or dishomogeneous distribu
tion of pulmonary blood flow; congestive
heart failure, due to the persistence of un
controlled major aortapulmonary collateral
arteries; residual or recurrent ventricular
septal defect; complete atrioventricular
block, ventricular or supraventricular ar
rhythmias; persistent airway hyperrespon
siveness with or without bronchomalacia;
bronchospasm due to tracheobronchial epi
thelial necrosis or ischemia due to the air
way ischemia resulting from interruption of
the tracheobronchial blood supply during
dissection and mobilization of major aorto
pulmonary collaterals; development of pul
monary vascular obstructive disease; devel
opment or progressive increase of aortic
valve regurgitation; need for biological con
duit replacement because of conduit calcifi
cation and/or valve degeneration (= pulmo
nary valve regurgitation) or because patient
outgrew the conduit size (= right ventricular
outflow tract obstruction).
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CHAPTER 2.5 Truncus arteriosus

I Incidence

Truncus arteriosus is a rare congenital heart
defect, with a reported incidence between
0.16 and 1.27 every 10,000 newborns, or
1.4-2.8% of congenital heart defects.

I Morphology (Fig. 2.5.1)

There is only one great artery or trunk as
blood exits from the base of the heart, which
then branches giving origin to the coronary
arteries, the pulmonary arteries and the sys
temic circulation (Fig. 2.5.2).

This great artery (truncus arteriosus)
usually has one semilunar valve (truncal
valve) which may have between one and six
leaflets: a truncal valve with one, five or six

leaflets is extremely rare, while the most fre
quent type is a truncal valve with three leaf
lets (42-61% of cases), followed by the trun
cal valve with four leaflets (24-31% of cases)
and with two leaflets (5% of cases). The
semilunar truncal valve is generally located
above the ventricular septal defect, almost
always present, and can present with dys
plastic thickened and deformed leaflets, with
resulting stenosis, regurgitation (in at least
20% of cases), or both (Fig. 2.5.3).

The ventricular septal defect results from
the absence of the infundibular septum, and
is generally high, anterior and unrestrictive.
Absence of the ventricular septal defect is
anedoctical.

The pulmonary arteries can originate as a
single main pulmonary artery from the lat
eral aspect of the truncus arteriosus (type I

Fig. 2.5.1. Truncus arteriosus. a Morphology, b pathophysiology, c surgery
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© Steinkopff Verlag Darmstadt 2004



72 I Truncus arteriosus

Fig. 2.5.2. Truncus arteriosus: morphology. a Posterior view
of the truncus arteriosus, with the pulmonary component
originating from the left lateral side of the truncus (LA left
atrium, LV left ventricle, PC pulmonary component, RA right
atrium, RV right ventricle) (photograph courtesy of Dr. Bruno
Marino), b anterolateral aspect of the truncus arteriosus, with
the pulmonary component originating from the left lateral
side of the truncus (reproduced with permission from: Mari
no B, Thiene G (1990) Atlante di anatomia ecocardiografica
delle cardiopatie congenite, USES, Firenze)

Fig. 2.5.3. Truncus arteriosus: morphology. Aspect of the
truncal valve, with four leaflets (white arrows) (photograph
courtesy of Dr. Bruno Marino)

Fig. 2.5.4. Truncus arteriosus: morphology. Collett and Ed
wards classification in types I, II and III (A aorta, LC left car
otid artery, LPA left pulmonary artery, LS left subclavian ar
tery, LV left ventricle, RC right carotid artery, RPA right pul
monary artery, RS right subclavian artery, RV right ventricle
(photograph courtesy of Dr. Carlo Marcelletti)

of the Collett and Edwards classification, the
most frequent), or with two very close but
separate origins from the posterolateral as
pect of the truncus arteriosus (type II, the
second frequent), or with the two pulmonary
arteries independently originating from a
lateral aspect of the truncus arteriosus (type
III) (Fig. 2.5.4). The truncus arteriosus type
IV; with neither pulmonary arterial branch
arising from the truncus arteriosus, is not
considered as a true entity, but only as a
variant of pulmonary atresia with ventricular
septal defect and absent pulmonary arteries
(see chapter "Pulmonary atresia with ventri
cular septal defect") . Stenosis at the origin
of one or both branches of the pulmonary
arteries is reported in 2 to 10% of patients.

The origin of coronary arteries presents
with a variable pattern, independent of the
number of truncal valve leaflets.

I Associated anomalies

Ventricular septal defect is almost always pre
sent, right aortic arch is frequent (18-36%),
as well as truncal valve regurgitation (23%)
or stenosis and coronary arteries abnormali
ties (18%), including single coronary artery
and intramural course; aortic arch interrup
tion (Fig. 2.5.5), usually of type B (11-14%),
and aortic coarctation are accompanied by



Fig. 2.5.5. Truncus arteriosus: morphology. Truncus arteriosus
with aortic arch interruption (posterior aspect) (photograph
courtesy of Dr. Bruno Marino)

patent ductus arteriosus; more rare (5%) is
the association with non-confluent pulmo
nary arteries, the so-called "absent" pulmo
nary artery, where one of the pulmonary ar
teries in reality originates either from a patent
ductus arteriosus or from a major aortopul
monary collateral; persistent left superior
vena cava, total anomalous pulmonary venous
connection, tricuspid atresia, complete atrio
ventricular septal defect, single ventricle, dou
ble aortic arch, anomalous origin of circum
flex coronary artery from the right pulmonary
artery, situs inversus, dextrocardia have been
exceptionally reported.

Approximately 35% of children with trun
cus arteriosus have microdeletions within
chromosome band 22q11.2, while 30-35%
present with DiGeorge (= velocardiofacial
syndrome with deletion of chromosome
22q11.2, previously called CATCH-22 =cardi
ac defect, abnormal face, thymic hypoplasia,
cleft palate, hypocalcemia, microdeletion of
band 22q11) syndrome.

I Pathophysiology

With the exception of the rare group (less
than 10%) with obstruction to the pulmo
nary blood flow due to stenosis of the origin
of the pulmonary artery component, gener
ally the decrease of pulmonary vascular re-
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sistance typical of the first few weeks of life
is accompanied by an increase in the total
pulmonary blood flow, frequently up to ex
treme levels, with low diastolic and mean
aortic pressure and the consequent reduced
coronary artery perfusion pressure. The clin
ical consequences of this pathophysiologic
pattern are cyanosis (due to the mixing of
desaturated and oxygenated blood in the
truncus arteriosus), congestive heart failure
(due to the huge left ventricular volume
overload and right ventricular pressure over
load) and myocardial ischemia (due to the
coronary arteries with the left-to-right shunt
towards the pulmonary circulation). The re
sult of pulmonary overcirculation and in
creased myocardial work is an increased
resting oxygen demand and decreased meta
bolic reserve, with progressive metabolic
acidosis and myocardial dysfunction.

I Diagnosis

I Clinical pattern: symptoms are variable,
depending upon the specific anatomic fea
tures and age at presentation:
- poor feeding, tachypnea, tachycardia,

shortness of breath, wheezing, grunting,
nasal flaring, restlessness, liver distension,
neck vein distension,
facial swelling, mild to moderate cyanosis,
bounding peripheral pulses;
respiratory distress can be present, usually
due to the airway compression;
cardiac signs include hyperdynamic pre
cordium, aortic ejection click, single sec
ond sound (due to the single outlet); re
spectively conspicuous diastolic murmur
or loud systolic ejection murmur charac
terize the presence of severe regurgitation
or stenosis of the truncal valve.

I Electrocardiogram: right, left or biventricu
lar hypertrophy, with or without ST-T
changes, depending on the presence of trun
cal valve abnormalities and/or myocardial
ischemia; left atrial enlargement present with
substantial pulmonary overcirculation.
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I Chest X-ray: cardiomegaly, absence of the
pulmonary trunk segment, increased pulmo
nary arterial vascularity, lung hyperinflation;
right aortic arch (18-36% of cases) can be
accompanied by airway compression.

I Echocardiogram: diagnostic in almost all
cases, it provides all the information needed
for the surgical decision (Fig. 2.5.6); the sub
costal and parasternal long-axis views show
the single great artery arising from the ven
tricles, with variable override of the ventri
cular septum, and origin(s) of the pulmo-

Fig. 2.5.6. Truncus arteriosus: echocardiography. a Subxi
phoid view showing the origin of the truncus arteriosus
above a very large ventricular septal defect, and the origin
of the pulmonary artery component (white arrows), b long
axis view in the same patient showing the origin of the
truncus arteriosus with the truncal valve (white arrows), and
the origin of the pulmonary artery component (LV left ventri
cle, RV right ventricle, PC pulmonary artery component, TA
truncus arteriosus) (photographs courtesy of Dr. Stefano di
Bernardo)

Fig. 2.5.7. Truncus arteriosus: angiography. Anteroposterior
view of a contrast injection in the root of the truncus arte
riosus, giving origin to thethree components: aorta, pulmonary
artery and coronary arteries (Ao aorta, LPA left pulmonary ar
tery, RPA right pulmonary artery, TA truncus arteriosus)

nary arteries from the truncus arteriosus;
the parasternal short-axis view shows the
morphology and function (with Doppler col
or flow) of the truncal valve and origin and
course of the proximal coronary arteries; the
high parasternal and suprasternal views de
fine the position of the aortic arch.

I Cardiac catheterization: poorly tolerated in
very sick neonates, is performed only in the
case of unusual anatomy on the echocardio
graphy and of unusually associated defects
(Figs. 2.5.7 and 2.5.8); in older infants to
quantify the degree of pulmonary vascular
resistance or to rule out pulmonary vascular
obstructive disease in older children.

I Indications for surgical treatment

This congenital heart defect, untreated, car
ries a very high mortality, because of con
gestive heart failure and myocardial isch
emia in early infancy; mortality without
treatment is 50% in the first month of life,
80% in the first three months. Therefore in
dication for surgery is generally given within



Fig. 2.5.8. Truncus arteriosus: angiography. Anteroposterior
view of a contrast injection in the root of the truncus arte
riosus, giving origin to the aorta with right aortic arch, right
pulmonary artery and coronary arteries; the left pulmonary
artery is not visualized (RAA right aortic arch, RPA right pul
monary artery, TA truncus arteriosus)

the first few weeks of life, once the general
condition of the neonate have been stabi
lized with the medical control of congestive
heart failure and with hyperalimentation
either intravenous or via a nasogastric feed
ing. In older infants and children the indica 
tion for surgery is given provided that the
presence of pulmonary vascular obstructive
disease has been ruled out.

In borderline cases with elevated pulmo
nary vascular resistance the response to intra
venous or inhaled pulmonary vasodilators
can be measured during cardiac catheteriza
tion . Extremely rare is the presentation of
an older patient who survived with the devel
opment of pulmonary vascular obstructive
disease. Challenging is the decision how to
manage an associated lesion of the truncal
valve (very frequent), because in the presence
of truncal valve stenosis as well as of truncal
valve regurgitation of moderate degree it is
quite difficult to predict the hemodynamic
pattern obtained at the level of the truncal
valve after repair, when the flow across the
truncal valve itself (which becomes aortic
valve) will be limited to the systemic output
and not to the preoperative combination of
elevated pulmonary and systemic blood flow.
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I Surgical treatment
(on cardiopulmonary bypass)

The palliative approaches with bilateral pul
monary artery banding or plication of the
origin of the pulmonary artery component
have been practically abandoned in favor of
the surgical repair.

The surgical technique (Fig. 2.5.9) consists
of three major components:
• the separation of the pulmonary artery

component from the truncus; at this point
the truncus becomes the new aorta; the
remaining opening in the lateral aspect of
the truncus can be closed either directly
or with a patch (pericardium or PTFE),
accordingly with the size and particularly
with the presence of the origin of a coro
nary artery in proximity of the opening it
self; either technique of closure of the re
sidual opening (direct or patch) needs to
avoid traction or tension on the coronary
arteries, and in this regard patch closure
is the preferable technique;

• the closure of the ventricular defect with a
patch from a longitudinal right ventriculot
omy, leaving the remaining systemic artery
(becoming the aorta) in connection with
only the left ventricle, and avoiding damage
to the truncal valve (becoming aortic valve);

• the connection of the pulmonary artery
component with the right ventricle by in
terposition of a biological valved conduit
between the distal pulmonary artery com
ponent and the right ventriculotomy;
valveless conduits are more rarely used as
the connection between the right ventricle
and pulmonary artery; alternatively it is
possible to perform a direct anastomosis
of the posterior wall of the pulmonary
component to the posterior edge of the
right ventriculotomy, completing the con
nection with a pericardial or PTFE roof,
with or without a monocusp pulmonary
valve (technique rarely utilized) .

Associated lesions need to be treated dur
ing the same procedure, particularly the
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Fig. 2.5.9. Truncus arteriosus: surgery. Intraoperative photo
graph in a neonate a showing the preparation for repair,
with both branches of the pulmonary component already
controlled by tourniquets (LAD left anterior descending coro
nary artery, LV left ventricle, PA pulmonary artery, RA right
atrium, RV right ventricle, TA truncus arteriosus), b taken
from the right side, c after repair with a 16mm Contegra
biological valved conduit interposed between the right ven
tricle and pulmonary component (Ao aorta, BVC biological
valved conduit), d after repair taken from the right side

presence of aortic coarctation or aortic arch
interruption.

In the presence of moderate to severe
truncal valve regurgitation, particularly with
a quadrileaflet valve, a plasty of reduction to
three leaflets with leaflet excision and annu
lar remodeling can substantially reduce the
degree of valvular regurgitation. More diffi
cult to perform is the surgical opening of a
stenotic truncal valve with adequate results.
Truncal valve replacement (with a homograft
or mechanical valve) needs to be taken into
consideration in case of failure of the recon
structive valvular surgery.

I Potential complications

Residual ventricular septal defect, complete
atrioventricular block, arrhythmias, residual
or progressive truncal valve stenosis or re
gurgitation, residual right ventricular out
flow tract obstruction, pulmonary hyperten
sion, airways compression (particularly in
the presence of right aortic arch and aortic
coarctation or aortic arch interruption). Late
complications are progressive aortic (pre
vious truncal) valve dysfunction and ob
struction of the right ventricle to pulmonary
artery conduit, due in most cases to calcifi
cation and/or patient overgrowth.
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Fig. 2.5.10. Truncus arteriosus: surgery. a Intraoperative
photograph in the child of Fig. 2.5.6 showing the anatomy of
the truncus arteriosus, with thetwo pulmonary arteries already
controlled with blue elastic vessel loops (AD aorta, LPA left pul
monary artery, RA right atrium, RPA right pulmonary artery, RV
right ventricle, TA truncus arteriosus), b Truncus arteriosus pre
pared for repair, with establishment of cardiopulmonary by
pass, snaring of the pulmonary arteries, aortic cross clamping
and cardioplegia administration (Aoe aortic cannula, CPe cardi
oplegia cannula, /VCe inferior vena cava cannula, SVCe superior
vena cava cannula), c truncus arteriosus opened, with initial

separation of the origin of the pulmonary artery component,
and visualization of the truncal valve and of the origin of
the left coronary artery immediately underneath the pulmonary
artery component (PAC pulmonary artery component, TV trun
cal valve), d completed separation of the origin of the pulmo
nary artery component, e closure ofthe residual opening in the
truncus arteriosus (now aorta) after separation of the pulmo
nary component with PTFE patch (black asterisk), f photograph
after final repair with a 18 mm (ontegra biological valved con
duit interposed between the right ventricle and pulmonary
component (AD aorta, BVC biological valved conduit)
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CHAPTER 2.6 Aortopulmonary window

I Incidence

Aortopulmonary window is a rare congenital
malformation, with an incidence of 0.2% in
children with congenital heart defects.

I Morphology (Fig. 2.6.1)

Aortopulmonary window is a communication,
usually nonrestrictive, with a more or less cir
cular border, between the ascending aorta and
the main pulmonary artery, in the presence of
two semilunar valves. In most patients there is
little or no length to the communication, as
the term window implies, while a ductus-like
type of communication is rare.

The aortopulmonary window is generally
located in the left lateral wall of the ascend-

ing aorta, usually close to the orifice of the
left coronary artery; therefore it is not infre
quent to find an anomalous origin of the
coronary artery from the pulmonary artery,
close to the edge of the defect.

I Associated anomalies

Associated defects are present in 30-50% of
patients, the most frequent being aortic arch
interruption type A, tetralogy of Fallot with
or without pulmonary atresia, ventricular
septal defect, anomalous origin of a coro
nary artery and anomalous origin of a pul
monary artery; occasionally an association
has been reported with atrial septal defect,
cor triatriatum, complete atrioventricular
septal defect, transposition of the great ar-

Fig. 2.6.1. Aortopulmonary window. a Morphology, b pathophysiology, C surgery

A. F. Corno, Congenital Heart Defects
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teries, subaortic obstruction (extremely
rare), bicuspid aortic valve, aortic atresia,
critical pulmonary valve stenosis, aortic arch
hypoplasia, aortic coarctation, aortic arch
interruption, double aortic arch, and patent
ductus arteriosus.

I Pathophysiology

The pathophysiology is in large part deter
mined by the size of the defect and by the
presence and type of associated lesions. In
the presence of defect of small size (about
10% of the patients) the pathophysiology is
very similar to the one observed in patients
with patent ductus arteriosus (see chapter
"Patent ductus arteriosus") . If the defect is
large, as in the vast majority of patients, the
consequence is a large left-to-right shunt
with pulmonary hypertension, and early de
velopment of pulmonary vascular obstruc
tive disease. This pattern is even increased
in the presence of the frequently associated
obstructive anomalies of the aortic arch .

Like all arterial-level shunts, flow occurs
during both systole and diastole; the magni
tude depending on both the size of the aor
topulmonary window and the relative resis
tance of pulmonary and systemic circula
tions. In the first few months of life, due to
the left-to-right shunting through a large
aortopulmonary window, the pulmonary ve
nous return is increased causing dilatation
of the left atrium and stretching of the pat
ent foramen ovale with more left-to-right
shunting at the atrial level, worsening con
gestive heart failure.

In the presence of anomalous origin of a
coronary artery, the anomalous coronary ar
tery remains perfused with systemic pres
sure and oxygen saturation; therefore, there
are no signs of myocardial ischemia like in
the anomalous coronary artery from the pul
monary artery (see chapter "Anomalous cor
onary arteries").

Fig.2.6.2. Echocardiography. a Parasternal short-axis view
showing the large aortopulmonary window (white arrows),
b parasternal short-axis view showing view of the same pa
tient as in a showing the color Doppler investigation with
left-to-right shunt through the unrestrictive aortopulmonary
window (Ao aorta, LPA left pulmonary artery, PA pulmonary
artery, RPA right pulmonary artery) (photographs courtesy of
Dr. Nicole Sekarski)



I Diagnosis

I Clinical pattern: small defect: asympto
matic, or recurrent respiratory infections;
the cardiac murmur is generally continuous;

large defect: tachypnea, dyspnea, poor
feeding, delayed growth, recurrent respirato
ry infections, congestive heart failure; pe
ripheral pulses are collapsing; the cardiac
murmur is generally only systolic, in the
third or fourth intercostal space;

I Electrocardiogram: right axis deviation,
right ventricular hypertrophy, right or com
bined atrial enlargement.

I Chest X-ray: moderate cardiomegaly, with
left atrial enlargement; increased pulmonary
vascularity or frank pulmonary edema.

I Echocardiogram: the diagnosis is readily
made with the combination of subcostal
right anterior oblique and suprasternal
views or with parasternal short-axis view
(Fig. 2.6.2 and 2.6.3).

I Cardiac catheterization: needed for asso
ciated lesions, particularly to visualize the
coronary arteries and rule out anomalous

Fig. 2.6.3. Echocardiography. Preoperative echocardiography
showing the aortopulmonary window (white arrow) with
anomalous origin of the left coronary artery (asterisk) from
the ductus-like aortopulmonary window (Ao aorta, PA pulmo
nary artery) (reproduced with permission from: Como AF,
Pierli C, Biagioli B, Lisi G, Grossi A (1988) Anomalous origin
of the left coronary artery from an aortopulmonary window.
J Thorac Cardiovasc Surg 96:669-671)
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Fig. 2.6.4. Angiography. Anteroposterior view with contrast
injection in the ascending aorta showing simultaneous opaci
fication of the pulmonary artery through an aortopulmonary
window (black arrows) (Ao aorta, LPA left pulmonary artery,
MPA main pulmonary artery, RPA right pulmonary artery)

origin (Fig. 2.6.4); useful to calculate the
pulmonary vascular resistance, and to rule
out the presence of pulmonary vascular ob
structive disease in older children.

I Indications for surgical treatment

While the rare patients with ductus-like aor
topulmonary window may remain asympto
matic or oligosymptomatic over a long peri
od, patients with a large aortopulmonary
window rarely survive beyond infancy. A
large aortopulmonary window could cause
pulmonary vascular obstructive disease, if
not treated until after two years of age.
Therefore indication for surgical closure is
generally at the moment of diagnosis, partic
ularly in symptomatic patients.

I Surgical treatment
(on cardiopulmonary bypass)

I Ligature: This procedure, mostly used in
the past to obtain closure of the aortopul
monary window without cardiopulmonary
bypass, was accompanied by elevated mor
tality due to the distortion of the origin of a
coronary artery originating close to the de-
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Fig. 2.6.5. Aortopulmonary window: surgery. a Intraoperative
transesophageal echocardiography, showing the aortopul
monary window of the same patient of Fig. 2.6.2 before re
pair (Ao aorta, PA pulmonary artery, RV right ventricle), b in
traoperative transesophageal echocardiography with color
Doppler, showing the left-to-right shunt through the aorto
pulmonary window, relatively reduced because of the pres
ence of systemic pulmonary hypertension, c intraoperative
photograph of the same patient showing the external ap-

pearance of the aortopulmonary window (white arrows);
note the very dilated right ventricle and the two elastic ves
sel loops (orange color) prepared around the right and left
pulmonary artery branches (RA right atrium), d after incision
of the anterior aspect of the defect (transdefect approach),
showing the internal appearance of the large aortopulmon
ary window; note that the right and left pulmonary arteries
are now snared by the elastic vessel loops and the two
pump suckers are both introduced into the pulmonary artery



Surgical treatment (on cardiopulmonary bypass) I 87

(Aoc aortic cannula, AoCC aortic cross clamp, RAc right atrial
cannula), e the fist stitch anchoring the PTFE patch to the
posterior rim of the aortopulmonary window, f the progres
sion of the suture of the PTFE patch to the posterior rim of
the aortopulmonary window, 9 the progression of the inferi
or portion of the suture of the PTFE patch to the posterior
rim of the aortopulmonary window to reach the arterial wall,
h the first stitch taking the wall of both great arteries to
sandwich the anterior portion of the PTFE patch between
them, i the progression of the suture sandwiching the ante
rior portion of the PTFE patch between the aortic and pul
monary artery anterior wall, j the progression of the inferior
portion of the sandwiching suture of the anterior portion of
the PTFE patch between the aortic and pulmonary artery
anterior wall, k the beginning of the superior portion of the
sandwiching suture of the anterior portion of the PTFE patch
between the aortic and pulmonary artery anterior wall, I the
last untied stitches of the sandwiching suture of the anterior
portion of the PTFE patch between aortic and pulmonary ar
tery anterior wall, m intraoperative transesophageal echocar
diography of the same patient with color Doppler, showing
complete disappearance of the left-to-right shunt after patch
closure of the aortopulmonary window, n postoperative echo
cardiography of the same patient with parasternal short axis
view, showing the patch closure (white arrow) of the aorto
pulmonary window (n=photograph courtesy of Dr. Stefano
di Bernardo)
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Closure on cardiopulmonary bypass: aortic
cannulation must take into account the posi
tion of the aortopulmonary window; there
fore, it must be performed as far downstream
as possible. Immediately after the beginning
of cardiopulmonary bypass, the right and left a
pulmonary artery must be controlled with
tourniquets and snared. The position of the
aortic cross also clamp must take into account
the location of the pulmonary window.
The surgical approach can be transaortic,
transpulmonary, transdefect (Fig. 2.6.5) or
combined transaortic and transpulmonary
(Fig. 2.6.6), according to the morphology of
the defect and the personal experience of
the surgeon. In any case, after initial opening
of the aortic side (Fig. 2.6.7) or of the anterior
wall of the defect, the origin of the coronary
arteries and the origin of the right pulmonary
artery must be very well identified. Therefore,
the transpulmonary approach is not ideal, be
cause it does not allow adequate visualization
of the origin of the coronary arteries.

Fig. 2.6.6. Aortopulmonary window: surgery. a Artist's view
of the preoperative anatomy of the child in Fig. 2.6.3, with
the ductus-like aortopulmonary window with anomalous
origin of the left coronary artery (black arrow) (Ao aorta,
PA pulmonary artery), b Artist's view of the anatomy of the
same child with a probe (black arrow) in situ in the anoma
lous left coronary artery through an aortic incision, patch
(asterisk) closure of the pulmonary artery side of the defect,
c postoperative echocardiography ofthe same patient showing
the same image of Fig. 2.6.3, with the patch (black asterisk)
closing the pulmonary artery side of the defect, leaving the
anomalous origin of the left coronary artery (white asterisk)
on the aortic side of the defect (reproduced with permission
from Como AF, Pierli C, Biagioli B, Lisi G, Grossi A(1988) Anom-
alous origin of the left coronary artery from an aorto-pulmo-
nary window. J Thorac Cardiovasc Surg 96:669-671)

feet, or to fatal bleeding, due to the very thin
and fragile wall of the window. Now this
surgical approach is reserved only for the
cases with aortopulmonary window with a
morphology "ductus-like", with relatively
small diameter and long shape, allowing for
complete dissection and control without car
diopulmonary bypass, and without distor
tion of the origin of a coronary artery.
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Fig. 2.6.7. Aortopulmonary window: surgery. a Intraoperative
photograph of the surgical repair with the external appear
ance of a large aortopulmonary window (Ao aorta, RA right
atrium, RV right ventricle, PA pulmonary artery), b the surgi
cal repair in the same patient with the large aortopulmonary
window (black arrows) exposed through an aortotomy (Aoc
aortic cannula, AoCC aortic cross clamp, AoV aortic valve), C

the completed surgical repair in the same patient with the
patch (white asterisk) closure of the aortopulmonary window

Patch closure with PTFE, Dacron or poly
ester patch, is always preferred to the direct
closure, to avoid distortion of the surround
ing structures, particularly of the origin of
the coronary arteries.

In the presence of anomalous origin of a
coronary artery, tunnel or coronary artery
reimplantation (like for the arterial switch
operation, see the chapter "Transposition of
the great arteries") are required in order to
leave the origin of the anomalous coronary
artery in connection with the aortic side of
the circulation (Fig. 2.6.6).

I Potential complications

Residual or recurrent left-to-right shunt, re
sidual or progressive obstruction of the as
cending aorta or the main pulmonary artery,
obstruction to a coronary artery origin.
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CHAPTER 2.7 A nomalous pulmonary arteries

In this chapter only the anomalous origin of
a pulmonary artery from the systemic circu
lation, without interposition of ductal tissue,
is taken in consideration. The congenital
vascular anomaly in which the left pulmo
nary artery originates from the right pulmo
nary artery or pulmonary artery sling is
treated separately (see chapter "Slings and
rings"). The origin of one or both pulmo
nary arteries from the transverse aortic arch
via a ductus arteriosus or collateral arteries,
or from the descending thoracic aorta via
collateral arteries, is treated separately (see
chapter "Pulmonary atresia with ventricular
septal defect").

I Incidence

Isolated origin of a pulmonary artery from
the systemic circulation is an extremely rare
congenital malformation, present in only
20% of patients with anomalous origin of a
pulmonary artery. Fewer than 200 cases have
been so far reported in the literature.

I Morphology

The anomalous origin of the pulmonary ar
tery (called also hemitruncus) is a rare con
genital malformation in which only one pul
monary artery branch, usually the right (op
posite to the laterality of the aortic arch),
originates from the posterior aspect of the
ascending aorta just above the aortic sino
tubular junction, without any defect between
the ascending aorta and the main pulmo-

nary artery, whereas the main pulmonary ar
tery and the other pulmonary artery branch
arise in their normal position, therefore are
connected with the morphological right ven
tricle. The other main difference with the
persistent truncus arteriosus is the presence
of two well-separated semilunar valves, aor
tic and pulmonary valves, and the usual ab
sence of ventricular septal defect. Therefore
hemitruncus defines only the anomalous
origin of one pulmonary artery. The anoma
lous pulmonary artery, most frequently the
right, has unrestricted origin, and normal
structure, course and distribution. The
anomalous origin of the left pulmonary
artery (isolated lesion in 40% of patients)
usually occurs in the presence of right aortic
arch. Very rarely the anomalous pulmonary
artery can take origin from the descending
thoracic aorta or from either the right or the
left coronary artery. Extremely rare cases
have been reported of anomalous origin of
one pulmonary artery from the innominate
artery, the right pulmonary artery with nor
mal left aortic arch, and the left pulmonary
artery in the presence of right aortic arch.

I Associated anomalies

Left (rarely right) patent ductus arteriosus is
present in 50-75% of patients. Other asso
ciated anomalies are atrial or ventricular sep
tal defect (8-10% of patients), tetralogy ofFal
lot with or without absent pulmonary valve,
pulmonary stenosis or atresia with ventricular
septal defect, aortopulmonary window, right
aortic arch (reported in 50-75% of cases with
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anomalous left pulmonary artery), aortic
coarctation, aortic arch interruption.

I Pathophysiology

The typical pathophysiolgic pattern is a large
left-to-right shunt, like in large patent arterio
sus, with distribution only to one lung, ex
posed to systemic pressure and oxygen satu
ration. The consequence is unilateral ventila
tion-perfusion mismatch in the lung perfused
by the anomalous pulmonary artery, and sys
temic pressure in the anomalous pulmonary
artery. On the other side, the contralateral
lung, receiving the entire right ventricular
output, can over time develop pulmonary hy
pertension, but still reactive to oxygen inhala
tion and with reversible vascular lesions, as
demonstrated in our experimental model of
unilateral pulmonary hypertension.

I Diagnosis

I Clinical pattern: dyspnea, respiratory dis
tress, hemoptysis; bounding peripheral
pulses; cardiac murmur can be only systolic
or even absent; cyanosis can be a conse
quence of the ventilation-perfusion mis
match of the affected lung.

I Electrocardiogram: biventricular and right
atrial enlargement.

I Chest X-ray: cardiomegaly, with heart as
suming a globular shape; dishomogeneous
pulmonary vascularity.

I Echocardiogram: echocardiography is the
method for diagnosis; the subxiphoid right
oblique projection (Fig. 2.7.1) shows the pres
ence of two concordant ventricular outflow
tracts, absence of the usual main pulmonary
artery bifurcation pattern and the right or left
anomalous pulmonary artery arising directly
from the aorta, with the main pulmonary ar
tery continuing with the controlateral pulmo
nary branch; all the needed information on

Fig. 2.7.1. Anomalous pulmonary arteries: echocardiography.
Subxiphoid right oblique projection showing the absent con
nection of the right pulmonary artery with the main pulmo
nary artery and the anomalous origin of the right pulmonary
artery directly from the aorta (A aorta, LA left atrium, P main
pulmonary artery, RA right atrium, RPA right pulmonary ar
tery, RV right ventricle) (reproduced with permission from
Marino S, Thiene G (1990) Atlante di anatomia ecocardiogra
fica delle cardiopatie congenite, USES, Firenze)

the position of the anomalous pulmonary ar
tery is provided; Doppler color flow allows in
direct measurement of the anomalous pulmo
nary artery pressure.

I Cardiac catheterization: useful to confirm
the echocardiographic diagnosis (Fig. 2.7.2),
to rule out associated lesions and to calcu
late the value of pulmonary vascular resis
tance, particularly in older children coming
to observation after late referral.

I Indications for surgical treatment

Surgery is indicated to prevent the develop
ment of monolateral pulmonary vascular ob
structive disease in the lung perfused from
the anomalous pulmonary artery with high
pressure, high flow and elevated oxygen sat
uration, as demonstrated in our experimen
tal model of unilateral pulmonary hyperten
sion. High mortality (80% by the age of one
year) has been reported in patients not un
dergoing surgery; the advantages of prenatal



Fig. 2.7.2. Anomalous pulmonary arteries: angiography.
Anteroposterior view of a contrast injection in the root of a
truncus arteriosus, giving origin to the aorta with right aortic
arch, right pulmonary artery and coronary arteries; the left
pulmonary artery is not visualized (RAA right aortic arch,
RPA right pulmonary artery, TA truncus arteriosus)

diagnosis have been demonstrated in this
type of malformation, referred to surgery in
the neonatal period, before the development
of vascular lesions.

I Surgical treatment

The surgical repair can be performed either
with or without cardiopulmonary bypass.
The use of cardiopulmonary bypass, particu
larly in infants, allows adequate mobilization
of the anomalous pulmonary artery, safe
separation from the ascending aorta and re
implantation on the main pulmonary artery.
Of course aortic cannulation must take into
account the position of the anomalous pul
monary artery; thus, it must be performed
as far downstream as possible. Immediately
after the beginning of cardiopulmonary by
pass, the anomalous pulmonary artery must
be snared. If the surgical technique requires
aortic cross clamping, the position of the
aortic cross clamp also must take into ac
count the location of the anomalous pulmo
nary artery. The anomalous pulmonary ar
tery is then divided at its origin from the
aorta, and the remaining defect is closed
with a patch (PTFE, Dacron).
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Various surgical techniques have been re
ported for reimplantation of the anomalous
pulmonary artery to the main pulmonary ar
tery, posterior to the ascending aorta, in
cluding the direct anastomosis (definitely
the preferred technique, Figs.2.7.3 and
2.7.4), an extension with either an aortic flap
or an autologous pericardial patch, or the

Fig.2.7.3. Anomalous pulmonary arteries: surgery. Repair:
a disconnection of the anomalous right pulmonary artery
from the aorta, b patch closure of the remaining aortic
opening, and direct reimplantation of the right pulmonary
artery to create the pulmonary artery bifurcation, posteriorly
to the aorta (reproduced with permission from Richardson
JV, Doty DB, Rossi Np, Ehrenhaft JL (1979) The spectrum of
anomalies of aortopulmonary septation. J Thorac Cardiovasc
Surg 78:21 -27)

Fig. 2.7.4. Anomalous pulmonary arteries: surgery. Intra
operative photograph showing the anomalous origin (white
arrows) of the left pulmonary artery from left lateral aspect
of the ascending aorta (AAo ascending aorta, LAA left auricu
lar appendage, LPA left pulmonary artery, LV left ventricle,
RV right ventricle)
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interposition of a synthetic tubular prosthe
sis. The final technique (synthetic tubular
prosthesis), the first one historically utilized
for the surgical treatment of the anomalous
origin of a pulmonary artery, has been prac
tically abandoned, and it should be avoided,
particularly in small children,

Whichever the surgical technique utilized,
the key points are to avoid tension at the
anastomotic site, to avoid the potential com
pression of the reimplanted pulmonary ar
tery by the aorta, and to reduce as much as
possible the risk of stenosis at the anastomo
sis with the growth of the patient, particu
larly when the operation is performed in
neonates and small infants. Because of the
above reasons it seems that the use of tubu
lar prosthesis should be avoided, with the
exception of operation performed in adult
patients.

I Potential complications

In the immediate postoperative period, crises
of pulmonary hypertension have been re
ported, while in the later follow-up residual
or recurrent stenosis at the site of the anasto
mosis with the main pulmonary artery as well
as dishomogeneous lung perfusion at the con
trol with scintigraphy have been reported.
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CHAPTER 2.8 A nomalous coronary arteries

I Incidence

Congenital coronary artery anomalies have
been estimated to occur in 0.2 to 1.2% of
the general population. Since these data are
coming from large series of angiographic
studies, the incidence is most probably un
derestimated, since many people never un
dergo angiography. Among the different
types of anomalous coronary artery, the
anomalous origin of the left coronary artery
from the pulmonary artery is the most com
mon, with an incidence of 0.25-0.50% in
congenital heart defects, a little more fre
quent than coronary artery fistula, found
with an incidence of 0.20-0.40% of congeni
tal heart defects.

I Morphology

Regardless of the position of the heart with
in the chest and the position and the origin
of the great arteries, aortic and pulmonary
valves normally have a single point of con
tact, with commissural apposition; coronary
arteries almost always originate normally
from the facing sinuses of Valsalva on either
side of this point of commissural contact;
coronary arteries do not normally originate
from the nonfacing or most distant sinus.
However, variations in coronary anatomy oc
cur, and different types of coronary artery
anomalies exist:

I Isolated anomalous origin of a coronary ar
tery:
I From the pulmonary artery (historically

called Bland-White-Garland syndrome): in
most patients the anomalous left coronary
artery (either the left main coronary ar
tery, or the anterior descending or the cir
cumflex coronary artery) originates from
the posterior or left facing sinus of the
pulmonary artery, very rarely from the
right or anterior facing sinus of the pul
monary artery, and exceptionally from the
nonfacing sinus; the branching of the
anomalous left coronary artery is usually
normal; the origin of the right coronary
artery is generally normal, but this vessel
is usually enlarged and tortuous.

I From the wrong sinus of Valsalva: there
are several variants of anomalous origin
of a coronary artery from the opposite
facing sinus of Valsalva, either the right
coronary artery originating from the left
anterior sinus, or the main trunk of the
left coronary artery or one of the two
main branches (left anterior descending
or circumflex coronary artery) originating
from the right anterior sinus or from the
right coronary artery; in all these condi
tions, the course of the coronary artery
with anomalous origin can be also anom
alous, like being retroaortic, anterior to
the right ventricular outflow tract, or be
tween aorta and pulmonary artery; the
last is the most dangerous condition, fre
quently (57 to 64% of the cases, up to
82% with the course of the left main coro
nary artery between the great arteries) as
sociated with sudden death.

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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Fig. 2.8.1. Anomalous coronary arteries: morphology. Intra
operative photograph showing an anomalous origin of the
left anterior descending coronary artery from the right coro
nary artery (Ao aorta, LAD left anterior descending coronary
artery, PA pulmonary artery, RA right atrium, RCA right coro
nary artery, RV right ventricle)

• From another coronary artery: in this cases
there might be a single origin for the coro
nary arteries from the aortic root, with an
anomalous right coronary artery originat
ing from the left anterior descending coro
nary artery, or still a double orifice for the
coronary artery, but with an anomalous left
anterior descending coronary artery origi
nating from the right coronary artery and
the left facing sinus giving only origin to
the circumflex coronary artery (Fig. 2.8.1).

• From an additional coronary ostium: nor
mally there are two coronary artery ostia;
nevertheless, sometimes there are three
coronary artery ostia, because either the
conal branch of the right coronary artery
originates separately from the right sinus
of Valsalva, or because the left anterior des
cending and circumflex coronary arteries
arise separately from the left sinus instead
of from the main common coronary trunk.

I Anomalous course of a coronary artery:
• normally coronary arteries originate more

or less perpendicular to the aortic wall,
with the ostia located in the middle of the
sinus of Valsalva, just above the free mar
gin of the aortic leaflet and below the si
notubular junction; coronary arteries with

ectopical origin usually course tangentially
to the aortic wall.

• normally the course of coronary arteries
is epicardial; the proximal and sometimes
the middle segment of the left anterior
descending coronary artery may have an
intramural or subepicardial course in 5
25% of the population, but this is not con
sidered an anomaly.

I Atresia of a coronary artery orifice: several
variations are possible, although very rare:
• atresia of the origin of the main trunk of

the left coronary artery,
• atresia or the origin of the left anterior

descending coronary artery,
• atresia of the origin of the circumflex ar

tery,
• atresia of the origin of the right coronary

artery.

I Coronary artery fistula: a coronary artery
fistula consists of a single or multiple sizable
communication(s) between a normally dis
tributed coronary artery, or its branches,
and either a cardiac cavity (=coronary-cam
eral fistula) or any segment of the systemic
or pulmonary circulation (= coronary arte
riovenous fistula) bypassing the myocardial
capillary phase; coronary artery fistula from
either the right (60% of the cases), or the
left coronary artery (35%) or both coronary
arteries (5%) is in 90-92% of patients con
nected to the right side of the heart, but it
may be connected to:
• pulmonary artery; reported in about 10%

of patients with pulmonary atresia with
ventricular septal defect, in all cases join
ing central pulmonary artery (see chapter
"Pulmonary atresia with ventricular septal
defect"); if a coronary artery arises direct
ly from the pulmonary artery without di
rect aortic connection, this anomaly is
classified as anomalous origin of a coro
nary artery from the pulmonary artery
(see above),

• right ventricle,
• right atrium,
• coronary sinus,



I superior vena cava,
I pulmonary vein,
I left atrium,
I left ventricle,
I multiple.

Congenital coronary artery fistulas may be
associated (in 20% to 45% of the cases) with
a congenital heart defect: atrial septal defect,
ventricular septal defect, pulmonary atresia
with intact ventricular septum, tetralogy of
Fallot, peripheral pulmonary artery stenosis,
aortic atresia, aortic coarctation, patent duc
tus arteriosus.

I Anomalous coronary artery associated with
a congenital heart defect: coronary anoma
lies may be associated with several other
congenital heart defects, most notably trans
position of the great arteries, tetralogy of
Fallot and pulmonary atresia; the specific
problems due to the presence of an anoma
lous coronary artery in these malformations
have been discussed in the relative chapters.

I Associated anomalies

Ventricular septal defect, tetralogy of Fallot,
pulmonary atresia, truncus arteriosus, aorto
pulmonary window, transposition of the
great arteries, congenitally corrected trans
position of the great arteries (= double dis
cordance), double-chambered right ventricle,
aortic valve disease, supravalvular aortic ste
nosis (with Williams syndrome), hypoplastic
left heart syndrome, aortic coarctation.

Particularly important is the potential as
sociation of an anomalous origin of the left
coronary artery from the pulmonary artery
with patent ductus arteriosus (see chapter
"Patent ductus arteriosus"): even if this com
bination is extremely rare, there are anec
doctical reports of death of the patient after
simple closure of a ductus arteriosus, partic
ularly in the presence of an hypertensive
ductus arteriosus, because of the sudden
myocardial ischemia and acute myocardial
infarction due to the simultaneous presence
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of the anomalous coronary artery with ori
gin from the pulmonary artery.

Atresia of a coronary artery orifice is
more frequently associated with supravalvu
lar aortic stenosis and with anomalies of the
aortic or truncal valve, where excess tissue
can obstruct the coronary orifice, or where
the angle of origin of the coronary artery
produces a valve-like obstruction.

Quadricuspid aortic valves can be asso
ciated with single coronary ostium, and dis
placement of the left or right coronary orifice.

I Pathophysiology

While the myocardium has a very limited
capacity for anaerobic metabolism, the ca
pacity for oxygen extraction is great,
although relatively fixed; therefore the heart
has a negligible ability to tolerate periods of
ischemia, but limited degrees of hypoxemia
are generally well tolerated. However, since
the oxygen extraction is more or less fixed,
any request for an increase in oxygen de
mand must be met by an increase in myo
cardial blood flow. The major regulators of
coronary blood flow are intramural pressure,
aortic diastolic perfusion pressure, myocar
dial metabolic rate (dependent upon heart
rate, inotropic state and systolic arterial
pressure), autonomic nervous system con
trol, endothelial function and blood viscosi
ty in response to decreased myocardial oxy
gen supply. Myocardial ischemia is the result
of an imbalance of the demand/supply ratio
of oxygen, either for congenital or acquired
coronary artery disease.

I Anomalous origin of a coronary artery
from the pulmonary artery: the pathophysi
ology is highly variable and depends on age
of the patient, rapidity of closure of the pat
ent ductus arteriosus, pulmonary artery
pressures and resistance, presence and devel
opment of intercoronary collateral arteries
between the right and left coronary artery
systems providing retrograde perfusion of
the anomalous left coronary artery, and de-
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a b

Fig. 2.8.2. Anomalous coronary arteries: pathophys
iology. a Anomalous left coronary artery from the
pulmonary artery: stage 1, b anomalous left coro
nary artery from the pulmonary artery: stage 2

gree of myocardial ischemia. Four patho
physiologic stages have been described:
• Stage 1 (Fig. 2.8.2a): in the neonatal peri

od the pulmonary vascular resistance is
high , with systemic pulmonary artery
pressure; the perfusion of the anomalous
left coronary artery is adequate, despite
the low oxygen saturation, without signs
of myocardial ischemia or left ventricular
dysfunction;

• Stage 2 (Fig. 2.8.2b): with the physiologic
decrease of pulmonary vascular resistance
and the subsequent decrease of pulmonary
artery pressure, the perfusion of the
anomalous left coronary artery becomes
inadequate, and collateral flow develops
from the right coronary artery system;
this collateral flow from the right coro
nary artery system meets the high resis
tance of the left ventricular myocardium,
and preferential retrograde blood flow oc
curs through the anomalous left coronary
artery towards the low pressure pulmo
nary artery (constituting a left-to-right
shunt), with signs of myocardial ischemia
or infarction; a certain degree of left-to
right shunt develops, with a subsequent
coronary arterial steal;

• Stage 3: rarely (10 to 15% of the patients)
a very large collateral circulation develops
between the right and left coronary artery
systems, able to maintain adequate coro
nary artery perfusion with adequate per
fusion of the anomalous left coronary ar-

tery, with mild myocardial damage, some
times through adulthood;

• Stage 4: eventually, the collateral coronary
blood flow becomes inadequate, with ret
rograde flow in the anomalous left coro
nary artery, and myocardial ischemia or
infarction occurs .

Myocardial ischemia typically occurs in the
anterolateral left ventricular myocardium,
causing global left ventricular dilatation and
dysfunction. Mitral valve regurgitation is
quite common, secondary either to ischemia
or infarction of a papillary muscle and/or to
dilatation of the valve annulus and/or to ex
tensive left ventricular fibrosis. Left atrial di
latation and pulmonary venous congestion
(subsequent to both the left-to-right shunt
and to the left heart failure) follow, adding
the signs of congestive heart failure or car
diogenic shock to those of angina pectoris.

• Coronary artery fistula: the pathophysiolog
ic mechanism is a myocardial stealing due to
the reduction of myocardial blood flow distal
to the site of the coronary artery fistula con
nection. The mechanism is related to the vari
ables of diastolic pressure gradient and run
off from the coronary circulation to a low
pressure receiving cavity or vessel; the intra
coronary perfusion pressure progressively di
minishes accordingly with the size of the fis
tula, and therefore with the degree of left-to
right shunt. The compensation occurs by



means of a progressive enlargement of the
origin and course of the feeding coronary ar
tery. Eventually the myocardium distal to the
site of the fistula is at risk for ischemia, most
frequently becoming evident with increased
myocardial oxygen demand, e.g. during phys
ical exercise. With time the coronary artery
leading to the fistula progressively dilates,
which, in turn, may progress to aneurysm for
mation, intimal ulceration, medial degenera
tion, intimal rupture, atherosclerosis, calcifi
cation, side-branch obstruction, mural
thrombosis, and, more rarely, rupture.

I Diagnosis

I Clinical pattern: this depends upon the type
of congenital coronary artery anomaly; gallop
rhythm (= third heart sound), holosystolic
cardiac murmur of mitral regurgitation, con
tinuous murmur (in the presence of coronary
artery fistula); respiratory distress, feeding
intolerance, dyspnea (at rest or .on effort),
tachypnea, tachycardia, fatigue, palpitations,
atypical angina, myocardial ischemia or in
farction, pulmonary edema; in infants angina
is recognized by the presence of irritability,
diaphoresis, poor feeding, failure to thrive,
wheezing, sweating, tachypnea, poor periph
eral perfusion (pallor, ashen gray color) due
to low cardiac output; unfortunately in a sub
stantial number of patients the symptoms
may not be evident before syncope or sudden
death occurring after exertion, particularly in
adolescents or young adults.

• Electrocardiogram: arrhythmias, atrial fi
brillation, ventricular tachycardia, signs of
myocardial infarction (Q waves and ST-seg
ment elevation in anterolateral leads) or
myocardial ischemia (ST elevation, T wave
inversion), left atrial and ventricular enlarge
ment (in the presence of coronary artery fis
tula) .

• Chest X-ray: cardiomegaly, left atrial and
ventricular enlargement, pulmonary venous
congestion, interstitial edema.
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Fig. 2.8.3. Anomalous coronary arteries: echocardiography.
Echocardiography showing the single coronary artery origin
(indicated by a white arrow) from the aorta (Ao aorta, LA
left atrium, PA pulmonary artery, RA right atrium, SCA single
coronary artery) (photograph courtesy of Dr. Nicole Sekarski)

Fig. 2.8.4. Anomalous coronary arteries: echocardiography.
Anomalous left coronary artery from the pulmonary artery.
Parasternal short-axis view showing the anomalous origin
from the pulmonary vartery with retrograde flow (Ao aorta,
LCA left coronary artery, PA pulmonary artery) (photograph
courtesy of Dr. Nicole Sekarski)

• Echocardiogram: visualization of the anom
alous coronary artery is possible with two
dimensional echocardiography (Fig. 2.8.3),
Doppler color flow shows anomalous retro
grade diastolic flow in the left coronary artery
(constituting a left-to-right shunt) originating
from the pulmonary artery (Fig. 2.8.4); dilated
left ventricular cavity with poor function, re-
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duced ejection fraction, reduced fractional
shortening, mitral regurgitation; left atrial
and ventricular enlargement due to volume
overload in the presence of coronary artery
fistula.

I Cardiac catheterization: indicated in the
presence of anatomy of the coronary arteries
not fully defined by echocardiography; aor
tic root injection may be sufficient to accu-

Fig. 2.8.5. Anomalous coronary arteries: angiocardiography.
Contrast injection in the ascending aorta showing the single
origin of the coronary arteries (AAD ascending aorta, SCAD
single coronary artery origin)

Fig. 2.8.6. Anomalous coronary arteries: angiocardiography.
Contrast injection in the ascending aorta showing the anoma
lous origin ofthe left anterior descending coronary artery from
the right coronary artery (AAa ascending aorta, CxA circumflex
coronary artery, DTAa descending thoracic aorta, LAD left ante
rior descending coronary artery, RCA right coronary artery)

rately define a specific coronary artery
anomaly, particularly regarding the origin
and the distribution of the coronary arteries
(Figs. 2.8.5 and 2.8.6), but selective coronary
artery studies are sometimes necessary; in
the presence of anomalous left coronary ar
tery from the pulmonary artery, the delayed
passage of contrast medium and the typical
blush from the anomalous left coronary ar
tery into the main pulmonary artery can be
observed (Fig. 2.8.7); transcatheter coil or
device embolization of a coronary artery fis
tula (Fig. 2.8.8) may be performed during
cardiac catheterization.

I Magnetic resonance: since the incidence of
incorrect diagnosis with conventional coro
nary angiography is reported to be as high
as 50% in children with anomalous coronary
arteries, fast magnetic resonance angiogra
phy has become the gold standard diagnos
tic procedure in these patients; transverse
sections provide precise details on the origin
and proximal course in relationship with the
position of the great arteries.

I Indications for surgical treatment

An infant with symptoms of myocardial
ischemia due to an anomalous coronary ar
tery requires intensive treatment with initial
efforts to reduce the myocardial oxygen de
mand followed by a rapid decision-making
process.

The presence of an anomalous coronary
artery is a potentially life-threatening condi
tion, based on the anatomy, the development
of collateral circulation, and the presence
and the type of associated lesions. In partic
ular two types of anomalous coronary artery
present with a very poor natural history:
I the anomalous origin of the left coronary

artery from the pulmonary artery: nearly
90% of the untreated patients die within
the first year of life;

I the anomalous origin of a coronary artery
from the wrong aortic sinus, particularly
with course of a coronary artery branch
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Fig. 2.8.7. Anomalous coronary arteries: angiocardiography.
Anomalous left coronary artery from the pulmonary artery.
a Anteroposterior view and b left anterior oblique view with
contrast injection in the ascending aorta and (AAo ascending
aorta, LCA left coronary artery, PA pulmonary artery, RCA
right coronary artery), c anteroposterior view and d left
anterior oblique view with selective contrast injection in the

between the two great arteries: these pa
tients are exposed to the risk of sudden
death .

Myocardial ischemia and infarction, global
cardiomyopathy, chronic mitral regurgita
tion, congestive heart failure and sudden
death are the major risks in the natural his
tory of anomalous coronary arteries.

Mitral regurgitation, sometimes present
before surgery due to the left ventricular
ischemic dysfunction as a consequence of
the anomalous coronary arteries perfusion,
can be substantially reduced by the relief of
myocardial ischemia and the reconstruction

right coronary artery showing the opacification of the right
coronary artery, the retrograde opacification of the left coro
nary artery, not originating from the aorta, through a very
well-developed collateral circulation coming from the right
coronary artery, and the initial opacification of the internal
wall of the pulmonary artery

of a two coronary artery system, with subse
quent myocardial recovery; therefore simul
taneous mitral valve surgery seems unwar
ranted. Nevertheless, in the presence of se
vere mitral valve regurgitation in older chil
dren or adolescents due to irreversible myo
cardial injury or papillary muscle infarction,
mitral valve repair at the time of coronary
artery reimplantation may be required.

Nevertheless, different types of surgical
procedures have been used in the past to
treat an anomalous coronary artery, the ex
perience gained in coronary artery transfer
(= mobilization and reimplantation into the
new aortic root) during the arterial switch
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Fig. 2.8.8. Anomalous coronary arteries: angiography with
left anterior oblique view showing a coronary artery fistula
to the right ventricle (photograph courtesy of Dr. Shakeel
Qureshi)

for transposition of the great arteries (see
chapter "Transposition of the great arteries")
reduced the perioperative risk of coronary
artery reimplantation enough to propose this
type of surgical approach as the best form
of treatment for anomalous coronary artery,
in order to reconstruct a two coronary ar
tery system and obtain the best physiological
repair with myocardial recovery.

Spontaneous closure may rarely occur in
very small coronary artery fistulas; therefore,
there is generally indication for closure, with
the exception of very small shunt (QPI
QS< 1.3). Atresia of a coronary artery orifice
and presence of an intramural course require
individualized treatment.

I Surgical treatment

I Anomalous origin of the left coronary
artery from the pulmonary artery:

I Ligation: the simple ligation of the origin
of the anomalous coronary artery, per
formed without cardiopulmonary bypass
through a median sternotomy or from a
limited left anterior thoracotomy, has been

used quite extensively in the past with ac
ceptable survival rate, particularly in the
presence of well developed collateral cir
culation. The follow-up of children oper
ated on with this technique was neverthe
less complicated by suboptimal left ventri
cular performance, and the technique has
been practically abandoned in favor of the
reimplantation of the anomalous coronary
artery to the aorta.

I End-to-side anastomosis of the left subcla
vian artery or the internal mammary artery
(= thoracic artery) to the anomalous coro
nary artery: these techniques, also not re
quiring cardiopulmonary bypass , provide
an arterial revascularization of the anoma
lous coronary artery by end-to-side anasto
mosis of the transected left subclavian ar
tery or the internal mammary artery, but
both have been nearly completely aban
doned. The only indication to use these
techniques is remote distance of the anom
alous coronary artery ostium within the
pulmonary artery from the adjacent aorta,
making direct coronary transfer impossible
and the Takeuchi procedure difficult.

I Takeuchi procedure: for children with anat
omy unsuitable for the anomalous coronary
artery reimplantation, or when the surgeon
is not comfortable with the surgical tech
nique of aortic reimplantation, an alterna
tive surgical technique exists, nowadays
rarely utilized. An aortopulmonary window
is created, on cardiopulmonary bypass,
carefully avoiding injury to the aortic valve,
then an intrapulmonary artery tunnel
(= intrapulmonary baffling technique) con
necting the created aortopulmonary win
dow with the anomalous coronary artery
origin is obtained by opening the pulmo
nary artery and creating an anterior trans
verse flap of the native pulmonary artery
wall or a pericardial or PTFE patch. The
pulmonary artery is then repaired with di
rect suture with a patch of autologous or
heterologous pericardium.

An alternative technique is to use elon
gated flaps of both the aortic and pulmo
nary artery wall, sewn side to side, to create



a tunnel from the aorta to the origin of the
anomalous left coronary artery.

• Reimplantation (Fig. 2.8.9): with cardio
pulmonary bypass (even if a case has
been reported in an adult patient with a
minimally invasive approach, without car
diopulmonary bypass). After accurate
identification of the anatomy, the pulmo
nary artery is transected, and the anoma
lous left coronary artery is carefully mobi
lized and removed with a button of tissue
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around the orifice with a surgical tech
nique similar to the technique used for
the arterial switch operation (see chapter
"Transposition of the great arteries").
After an incision in the ascending aorta
(with or without removal of a small but
ton of aortic wall) in accord with the
identified position for coronary artery re
implantation, the anomalous left coronary
artery, turned posteriorly, is directly ana
stomosed into the aortic root. Direct aor-

Fig. 2.8.9. Anomalous coronary arteries: surgery. a Intrao
perative photograph of the same patient of Fig. 2.8.4 with
anomalous origin of the left coronary artery from the pulmo
nary artery showing (a) the extensive arterial and venous
collateral circulation developed on the epicardium and great
arteries (Ao aorta, PA pulmonary artery, RA right atrium,
RV right ventricle), b intraoperative photograph showing the
anomalous origin of the left coronary artery from the trans
ected pulmonary artery (ALCAPA anomalous left coronary
artery from the transected pulmonary artery, Aoe aortic
cannula, RAe right atrial cannula), c the anomalous origin of

the left coronary artery from the transected pulmonary ar
tery, with the orifice indicated by a blue plastic probe, d the
anomalous origin of the left coronary artery already sepa
rated from the transected pulmonary artery (LCA left coro
nary artery), e the beginning of the posterior anastomosis
for reimplantation of the left coronary artery to the aorta,
f completed posterior anastomosis of the left coronary artery
to the aorta, 9 beginning of the anterior anastomosis of the
left coronary artery to the aorta, h almost completed ante
rior anastomosis of the left coronary artery to the aorta, with
the orifice shown by a blue plastic probe



108 • Anomalous coronary arteries

tic reimplantation can be performed also
with a roll shaped transected main pulmo
nary arterial or aortic wall graft. The pul
monary artery is then repaired with direct
suture with a patch augmentation of auto
logous or heterologous pericardium.

I Heart transplantation: when the long-last
ing consequences of global myocardial
ischemia and the presence of severe and ir
reversible myocardial damage preclude any
form of repair or palliation of the anoma
lous coronary artery, heart transplantation
has been and must be taken into considera
tion as a valid alternative option. In these
cases heart transplantation is performed
with cardiopulmonary bypass, using the
standard surgical technique.

I Anomalous origin of a coronary artery
from the wrong aortic sinus: the coronary ar
tery with anomalous origin from a wrong si
nus, frequently with an intramural segment,
is moved to the appropriate sinus without
unroofing; when it is necessary, a new coro
nary ostium is created, without interfering
with the aortic valve commissurae; an alter
native technique consists of a coronary ar
tery bypass graft, preferably with implanta
tion of the internal mammary artery (= tho
racic artery) to the anomalous coronary ar
tery; in the presence of compression of the
anomalous coronary artery between aorta
and pulmonary artery, a feasible surgical
technique consists of the transection of the
main pulmonary artery at the level of its bi
furcation, patch closure of the distal opening
and reimplantation of the main pulmonary
artery to the left pulmonary artery branch;
this technique allows for separation of the
main pulmonary artery from the aorta, with
elimination (or at least reduction) of the
coronary artery compression.

I (oronary artery fistula: through a median
sternotomy the feeding artery of the coronary
artery fistula, its course and site of insertion
are identified; in rare cases where the fistula
is a terminal coronary artery, surgical occlu
sion by means of a direct ligature can be per-

formed without cardiopulmonary bypass;
however, in the vast majority of patients the
surgical procedure requires cardiopulmonary
bypass and includes opening of the chamber
where the anomalous fistula is draining, iden
tification of the fistula, and suture of the
anomalous coronary connection; large aneu
rysms may require surgical resection.

I Atresia of a coronary artery orifice: angio
plasty of the origin of a coronary artery is
the surgical technique used to treat the atre
sia of a coronary artery orifice, or to enlarge
the coronary artery main stem in the pres
ence of atresia of the left main coronary ar
tery; the enlargement can be obtained on
cardiopulmonary bypass with a patch of
autologous saphenous vein or pericardium,
or with a PTFE patch.

I Potential complications

I Anomalous origin of the left coronary
artery from the pulmonary artery:

I Takeuchi procedure: potential complica
tion is the residual or recurrent stenosis
of the new coronary artery channel, with
subsequent myocardial ischemia, as well
as baffle leaks, residual or recurrent su
pravalvular pulmonary stenosis, due to
the obstruction created by the space occu
pied by the new coronary artery channel
constructed inside the main pulmonary
artery. Another potential complication is
injury to the aortic valve when creating
the aortopulmonary window.

I Reimplantation: low cardiac output with
hemodynamic instability can complicate
the postoperative period, particularly in
patients with severely compromised myo
cardial function and/or operated on after
late referral; in these cases a period with
mechanical assistance (either left ventricu
lar or biventricular assistance, or extracor
poreal membrane oxygenation, rarely in
traaortic balloon counterpulsation) and
delayed sternal closure can be required,
particularly if the adequate precautions



for myocardial protection (administration
of antegrade blood cardioplegia after snar
ing the pulmonary arteries, followed by
retrograde cardioplegia administration)
have not been observed during surgery.
Another potential complication is the
obstruction of the reimplanted coronary
artery, due to excessive tension, kinking
or twisting of the coronary artery, with
potential subsequent myocardial ischemia
or infarction. Ventricular arrhythmias can
accompany poor ventricular function and
severe ventricular dilatation.

• Angioplasty of the origin of a coronary
artery: despite patch enlargement of the
orifice of a coronary artery generally pro
viding adequate coronary artery perfu
sion, residual or recurrent coronary artery
stenosis can require re-operation, in most
cases with coronary artery bypass graft
accomplished with the internal thoracic
(= mammary) artery.

• Anomalous origin of a coronary artery
from the wrong aortic sinus: inadequate cor
onary artery perfusion can persist after sur
gery, as well as malfunctioning of the aortic
valve, damaged by the coronary artery reim
plantation.

Coronary artery fistulas: myocardial isch
emia or infarction, recurrence of the coro
nary artery fistula.

• Atresia of a coronary artery orifice: myo
cardial ischemia or infarction.
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CHAPTER 2.9 itral valve disease

In this Chapter only congenital malforma
tions of the mitral valve are considered, ex
cluding atrioventricular septal defects, which
are separately treated (see chapter ''Atrioven
tricular septal defects"), as well as mitral
atresia (see chapter "Hypoplastic left heart
syndrome").

I Incidence

Congenital mitral valve disease is a very rare
entity, occurring in 0.21-0.50% of patients
with congenital heart defects. No sex preva
lence is reported.

Mitral valve stenosis

I Morphology

Congenital mitral stenosis can present in
several forms, with narrowing of the effec
tive mitral valve orifice at the supravalvular,
valvular or subvalvular level, because of the
presence of malformations of one or more of
the four major components of the mitral
valve: the annulus, the leaflets, the chordae
tendineae and the papillary muscles.

From the morphological point of view,
mitral stenosis , or mitral valve disease with
prevalent stenosis (55-60% of the cases), can
be due to hypoplasia of the mitral valve an-

nulus, fusion of the commissurae and/or
chordae, parachute mitral valve (= valve with
all the chordae attached to a single papillary
muscle, generally the posterior papillary
muscle, with absence of the anterior papil
lary muscle), thick and short chordae tendi
neae, fusion between papillary muscle and
leaflets, double orifice mitral valve, mitral
arcade (= anomalous papillary muscle arcade
with a bridge of fibrous tissue through the
free aspect of the anterior leaflet), unicuspid
mitral valve, hammock valve (mitral valve
with fused commissurae and with a central
orifice obstructed by numerous intermixed
short chordae attached to abnormal hyper
trophic papillary muscles). Frequently the
mitral stenosis is the result of malformations
at multiple levels.

Severe hypoplasia of the mitral valve, or
atresia, results in hypoplasia of the left ven
tricular cavity; when the degree of hypopla
sia of the left ventricle is so important that
the left ventricle is not able to sustain the
systemic cardiac output, this situation is
considered part of the spectrum of the hy
poplastic left heart syndrome (see chapter
"Hypoplastic left heart syndrome"). In this
chapter only situations with mitral stenosis
allowing enough blood into the left ventricle
to sustain the systemic cardiac output are
considered. One exception is the very rare
presence of hypoplastic mitral valve with hy
poplastic annulus and adequate size left ven
tricle because of the simultaneous presence
of an unrestrictive ventricular septal defect.

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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I Mitral valve with stenosis
and regurgitation, or with combined lesions,
occur in about , 5% of the cases

I Supravalvular mitral stenosis: congenital
supravalvular mitral stenosis (or supravalvu
lar mitral ring) is a very rare malformation
(there are less than 100 cases reported in the
literature since its first description in 1902),
characterized by the presence of a shelf-like
fibrous diaphragm, abnormal ridge of con
nective tissue, with variable thickness and
extent, with 1 or 2 small orifices, positioned
on the atrial side of the mitral valve, very
close to it, attached at the level of the annu
lus or just above the annulus, covering and
obstructing the mitral valve. Often circum
ferential in shape, the supravalvular ring
may frequently adhere to the mitral valve
leaflets and restrict their movements, or
even protrude into the orifice of the mitral
valve. Pulmonary veins and the left auricular
appendage are all located proximally to the
ring. The underlying mitral valve may be
functionally normal, but in most patients
the mitral valve is anatomically abnormal.

Accessory mitral valve tissue: this is an ex
tremely rare congenital malformation caus
ing associated left ventricular outflow tract
obstruction.

I Associated anomalies

Typically associated (50% of cases) with
parachute mitral valve is the Shone complex
(multiple level systemic obstructions, with
supravalvular mitral ring , parachute mitral
valve, subvalvular aortic stenosis, and aortic
coarctation with or without aortic arch hy
poplasia). Associated lesions reported with
mitral stenosis are ventricular septal defect
(30% of cases), atrial septal defect, complete
atrioventricular septal defect, double outlet
right ventricle, complete transposition of the
great arteries, double discordance (atrioven
tricular and ventriculoarterial), single ventri
cle, straddling tricuspid valve, pulmonary
stenosis, patent ductus arteriosus.

Supravalvular mitral stenosis: the supra
valvular ring is found in combination with
other congenital heart defects in about 90%
of the cases: the Shone complex is the most
frequent, but also atrioventricular septal de
fect, ventricular septal defect, tetralogy of
Fallot and patent ductus arteriosus have
been reported; less common associations are
persistent left superior vena cava, atrial sep
tal defect, double outlet right ventricle and
transposition of the great arteries.

I Pathophysiology

Mitral stenosis obstructs the blood inflow to
the left ventricle, and is, therefore, accompa
nied by increased left atrial pressure in di
rect proportion to the severity of the ob
struction. The elevated left atrial pressure, in
turn, restricts the pulmonary venous return
to the left atrium, increas ing the pulmonary
venous pressure and subsequently the pul
monary artery and right ventricular pres
sure. The elevated hydrostatic pressure in
the pulmonary capillaries forces fluid into
alveoli and interstitial space, causing pulmo
nary congestion. Congested bronchial veins
may obstruct small bronchioles, with an in
crease in airway resistance as a consequence.

The subsequent compensatory mechanism
is pulmonary vasoconstriction. When this is
severe and prolonged enough it may induce
vascular changes like medial thickening and
intimal fibrosis in both pulmonary arteries
and veins. The right ventricle, already having
become hypertrophic, eventually fails; the pul
monary blood flow decreases, with associated
reduction of the systemic blood flow. If the re
duction of the cardiac output is critical, end
organ failure with hepatic and/or renal insuf
ficiency, cardiogenic shock and metabolic
acidosis can occur. The right ventricular fail
ure, with the frequently associated tr icuspid
valve regurgitation, is accompanied by sys
temic venous congestion with subsequent he
patomegaly, ascites and peripheral edema.

The presence of an associated atrial septal
defect may temporary decompress the left



atrium, thereby reducing or masking the se
verity of the mitral stenosis. Associated mal
formations with post-mitral left-to-right
shunt, like ventricular septal defect or patent
ductus arteriosus, by increasing the pulmo
nary blood flow and therefore the pulmo
nary venous return can exacerbate the mani
festations of obstruction to the mitral inflow.

Supravalvular mitral stenosis: the patho
physiologic pattern is exactly the same as
for valvular stenosis, with variable degrees
of obstruction to the mitral valve inflow.
Very rarely the presence of an incomplete
and eccentric supramitral ring allows unob
structed flow through the mitral valve. A su
pravalvular mitral ring can be very difficult
to detect in the presence of associated mal
formation with reduced pulmonary blood
flow, like tetralogy of Fallot.

I Diagnosis

I Clinical pattern:
- neonates with severe mitral stenosis pre

sent with respiratory distress from pulmo
nary edema shortly after birth if an un
restrictive interatrial communication does
not exist; the presence of an atrial septal
defect decompresses the left atrium with
the subsequent clinical pattern of in
creased pulmonary blood flow and re
duced systemic cardiac output;
patients with a mild to moderate degree
of mitral stenosis present after the neona
tal period with signs of low cardiac out
put, recurrent pulmonary infections, poor
feeding, failure to thrive, limited exercise
tolerance, diaphoresis, tachypnea;
older children may present with pulmo
nary congestion, progressive dyspnea,
nocturnal cough, signs of right heart fail
ure; they may develop atrial fibrillation,
thromboembolic events (with the possibil
ity of a stroke), infective endocarditis, he
moptysis (caused by rupture of dilated
bronchial veins), chest pain, dysphagia
(due to esophageal compression by the di
lated left atrium);
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- cardiac auscultation: loud first sound
(abrupt closure of the mitral valve), accen
tuated intensity of second sound (pulmo
nary hypertension), long low-frequency
diastolic murmur, best heard at the apex;
opening snap of the mitral valve is not
heard in supravalvular ring; in severe mi
tral valve stenosis there are diminished
peripheral pulses and gallop murmur.

Electrocardiogram: left atrial enlargement
and right ventricular enlargement and/or hy
pertrophy in proportion with the severity of
the obstruction.

I Chest X-ray: left atrial dilatation, straigh
tening of the left cardiac border, widening of
the tracheal carina, elevation of the left
bronchus, prominent upper pulmonary
veins, increased interstitial markings, Kerley
lines, pulmonary artery trunk and branches
dilatation, right ventricular dilatation (Fig.
2.9.1); barium-swallow study shows in the
lateral projection a rounded indentation on
the anterior wall of the esophagus.

Echocardiogram: is the most important di
agnostic tool to evaluate patients with mitral
stenosis; the entire mitral valve apparatus is

Fig. 2.9.1. Mitral valve disease: radiography. Anteroposterior
view in an infant with severe mitral valve stenosis, showing left
atrial dilatation, straightening ofthe left cardiac border, eleva
tion of the left bronchus, prominent upper pulmonary veins,
increased interstitial markings, Kerley lines, pulmonary artery
trunk and branches dilatation, right ventricular dilatation
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investigated, including morphology and
function, with parasternal subcostal views
(Fig. 2.9.2 and 2.9.3); the Doppler technique
allows calculation of the transvalvular pres
sure gradient by measuring the mean velo
city of diastolic flow through the valve.

I Cardiac catheterization: not needed to di
agnose mitral valve stenosis or supravalvular
mitral ring, well defined and quantified by
echocardiography; it allows direct measure
ment of the intracardiac pressures, and it
can be useful in the presence of associated

Fig. 2.9.2. Mitral valve disease: echocardiography. Subcostal
4-chamber view showing a parachute mitral valve (LA left
atrium, LV left ventricle, MV mitral valve, RA right atrium,
RV right ventricle) (photograph courtesy of Dr. Nicole Sekarskil

Fig. 2.9.3. Mitral valve disease: echocardiography. Subcostal
4-chamber view showing an arcade mitral valve (indicated
by the two white arrows) (LA left atrium, LV left ventricle,
RA right atrium, RV right ventricle) (reproduced with permis
sion from Marino 8, Thiene G (1990) Atlante di anatomia
ecocardiografica delle cardiopatie congenite, USES, Firenze)

malformations not well demonstrated by
echocardiography, particularly with regard
to the presence of obstructions at the level
of the aortic arch and isthmus.

Mitral valve regurgitation

I Morphology

As for mitral stenosis, congenital mitral re
gurgitation can present in several forms, due
to the presence of malformations of one or
more of the four major components of the
mitral valve: the mitral annulus, the mitral
leaflets, the chordae tendineae and the papil
lary muscles. All four anatomic components
function to maintain competent mitral valve
closure during systole, with decreased cir
cumference of the valve annulus by 20 to
30% throughout systole, and contraction of
the papillary muscle to maintain the length
of the chordae under the pressure that devel
ops during systole. In the presence of any
developmental abnormality of one or more
of the four components, mitral valve regurgi
tation results.

Mitral valve regurgitation, or with preva
lent regurgitation (25-30% of patients), as a
congenital malformation, is most frequently
due to one of the following reasons: annular
dilatation secondary to anterior or posterior
leaflet prolapse, annular dilatation secondary
to posterior leaflet hypoplasia with chordal
shortening, isolated mitral cleft (not asso
ciated with atrioventricular septal defect) or
fenestrations of the anterior leaflet, valve
prolapse due to elongated chordae, ham
mock valve or anomalous mitral arcade.
Congenital isolated annular dilatation is ex
tremely rare.

Mitral valve with stenosis and regurgita
tion, or with combined lesions (15% of pa
tients) may result from a variety of combi
nations of malformations leading to mitral
valve stenosis and/or regurgitation.



I Associated anomalies

Mitral valve regurgitation, frequently asso
ciated with atrial or ventricular septal defect,
can rarely be associated with subaortic ob
struction, aortic coarctation, patent ductus
arteriosus, double outlet right ventricle (par
ticularly with subpulmonary ventricular sep
tal defect), transposition of the great ar
teries, anomalous origin of the left coronary
artery, pulmonary valve stenosis. Mitral
valve malformations are also present in Mar
fan syndrome, Ehlers-Danlos syndrome, and
in endocardial fibroelastosis.

I Pathophysiology

The presence of mitral regurgitation allows
for return of blood flow from the left ventricle
to the left atrium in systole. As the volume of
the regurgitation increases with time, the left
ventricle also increases in size. The progres
sive dilatation of the left ventricle due to the
volume overload, further increasing the mi
tral valve regurgitation because of the asso
ciated dilatation of the valve annulus, even
tually leads to impaired ventricular contrac
tion, increased afterload, reduced cardiac out
put, and, finally, left heart failure.

The pathophysiologic pattern is character
ized by the simultaneous presence in systole
of antegrade blood flow from the left ventricle
to the aorta and another volume, the regurgi
tant fraction, retrograde blood flow from the
left ventricle to the left atrium. This causes a
proportionate increase of the left ventricular
ejection volume. The regurgitant fraction re
turns to the left ventricle in diastole produc
ing a ventricular volume overload. The com
pensation by the left ventricle occurs thanks
to the Frank-Starling mechanism, resulting
in a greater ventricular stroke volume.

The natural history and time course of mi
tral regurgitation is variable, but mitral regur
gitation can develop in three distinct stages,
each one with relevant clinical significance:
acute, chronic compensated and chronic de
compensated. The stages depend on the rapid-

Pathophysiology I 121

ity of the beginning, amount of regurgitant
volume and left atrial compliance.

• Acute mitral regurgitation stage: acute mi
tral regurgitation causes sudden volume
overload of the left atrium and left ventricle.
Initially the nondilated left atrium limits the
regurgitant volume at the expense of an in
crease in both left atrial and left ventricular
enddiastolic pressures. Although total ventri
cular stroke volume increases compared to
normal, total forward stroke volume usually
decreases, thereby reducing cardiac output.
In the acute situation, rapidly increasing left
atrial pressure results in elevated pulmonary
venous pressure causing pulmonary conges
tion and, eventually, pulmonary edema.

• Chronic compensated stage: in this stage
the left ventricle compensates by allowing
greater diastolic filling and developing left
ventricular enlargement to augment forward
stroke volume. More importantly, the left
atrium dilates in response to the increased
volume overload. Compensation for the in
creased volume can occur without resulting
in increased pressure in the pulmonary circu
lation and the right heart. Left atrial compli
ance decreases the left ventricular afterload,
while left ventricular dilation and hypertro
phy increases the contractility. These impor
tant changes keep the overall afterload on
the left heart normal or unchanged. Although
the regurgitant fraction may be high, the larg
er stroke volume compensates, maintaining a
nearly normal forward cardiac output.

I Chronic decompensated stage: this stage oc
curs when the left ventricle becomes unable to
sustain adequate forward cardiac output. As
the left ventricular contractility begins to de
crease, the endsystolic volume gradually in
creases, thereby increasing the left ventricular
enddiastolic pressure. The resulting increased
pressure in the left atrium creates increased
afterload, which further impairs the left ven
tricular ejection, thereby creating a vicious
cycle. While the enddiastolic and endsystolic
volumes increase, pulmonary congestion
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eventually results if the cause of the mitral re
gurgitation is not removed. Although the for
ward left ventricular ejection fraction is re
duced compared to the compensated phase,
the overall ejection fraction could remain nor
mal because of a large regurgitant flow. As the
degree of mitral regurgitation worsens, the to
tal ejection fraction falls, indicating increas
ing ventricular dysfunction. Pulmonary hy
pertension may develop under long-standing
increased pulmonary venous pressure, and,
ultimately, it can lead to right heart failure.
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I Diagnosis

I Clinical pattern:
- acute severe mitral regurgitation: children

may present in heart failure or cardio
genic shock;

- chronic mitral regurgitation: depending
upon the degree of regurgitation, children
may be asymptomatic and remain so for
many years, or with only mild fatigue; with
moderate to severe regurgitation, tachypnea
and dyspnea may occur, limited growth and
failure to thrive; hemoptysis can develop;
on physical examination cardiac impulse
may be displaced to the left and peripher
al pulses may have small volume and
sharp upstroke;
on auscultation usually the first sound is
slightly diminished, while the second
sound is split; there is a olosystolic mur
mur, loudest over the apex with radiation
to the left axilla; with pulmonary hyper
tension the second sound becomes louder.

I Electrocardiogram: left atrial and left ven
tricular enlargement; in the presence of pul
monary hypertension: right ventricular hy
pertrophy; rhythm disturbances, like atrial
fibrillation, are extremely rare in children.

I Chest X-ray: cardiomegaly associated with
the degree of valve stenosis or regurgitation;
- chronic mitral valve regurgitation: left atr-

ial and left ventricular enlargement, pul
monary congestion;

Fig. 2.9.4. Mitral valve disease: echocardiography. A4-cham
ber view with color Doppler showing the mitral valve regur
gitation extended into the entire left atrium (LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle) (photo
graph courtesy of Dr. Michael Rigby)

acute mitral valve regurgitation: pulmo
nary venous vasculature markings, pulmo
nary edema.

I Echocardiogram: is the best diagnostic
technique to evaluate mitral valve morphol
ogy and function; the Doppler color flow in
precordial short-and long-axis views demon
strates duration and direction of the regurgi
tant flow, with high-velocity systolic signal
across the valve; grading of the regurgitation
(Fig. 2.9.4) as mild, moderate or severe is
based on the size and extent of the regurgi
tation into the left atrium; mild: proximal
third of the left atrium near the mitral valve
annulus; moderate: mid left atrial cavity;
severe: posterior third of the left atrium,
including the pulmonary veins.

I Cardiac catheterization: it allows direct
measurement of the intracardiac pressures;
indicated in the presence of discordance be
tween the clinical and echocardiographic
data.



Double orifice mitral valve

I Morphology

Rare malformation where the mitral valve
presents with a single fibrous annulus with
two separate orifices, each supported by its
own tensor apparatus, opening into the left
ventricle. The subvalvular structures invari
ably show varying degrees of abnormality,
particularly at the level of the tensor appara
tus. There are three major types of double
orifice mitral valve:

I Eccentric or hole type: this is the most fre
quent variety (about 80% of the cases) and
it presents with a small accessory orifice lo
cated at either the anterolateral or postero
medial commissura. Generally these are
associated with other malformations of the
valve apparatus, like cleft leaflets, accessory
or fused papillary muscles, and crossing
chordae tendineae.

Central or bridge type: in about 15% of
the patients a central bridge of fibrous or
abnormal leaflet tissue connects the two
leaflets of the mitral valve, dividing the ori
fice into medial and lateral portions; these
two openings may be equal of different; the
papillary muscles are generally normal with
chordae surrounding each orifice inserting
into only one papillary muscle.

I Duplicate mitral valve: in this extremely
rare type, there are two mitral valve annuli
and valves, each with its own set of leaflets,
commissurae, chordae and papillary muscles.

I Associated anomalies

The most frequent associated cardiac lesion
is the atrioventricular septal defect, particu
larly when the accessory orifice is located at
the posteromedial commissural. Other asso
ciated cardiac malformations include ventri
cular septal defect, subaortic obstruction,
patent ductus arteriosus, aortic coarctation
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and aortic arch interruption. Rare associated
lesions are Ebstein's anomaly, parachute mi
tral valve, tetralogy of Fallot, hypoplastic left
heart syndrome, bicuspid aortic valve, pul
monary valve stenosis, truncus arteriosus.

I Pathophysiology

While it is possible that a double orifice mi
tral valve allows normal hemodynamic flow
between the left atrium and the left ventricle
(in less than 50% of the patients), most fre-

Fig. 2.9.5. Mitral valve disease: echocardiography. a Paraster
nal long-axis view showing a double orifice (large and small
white asterisks) mitral valve, b parasternal short-axis view of
the same patient showing a double orifice (large and small
white asterisks) mitral valve (photographs courtesy of Dr.
Michael Rigby)
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quently it may obstruct the mitral valve in
flow and/or determine mitral valve regurgi
tation. The combined area of the double ori
fice mitral valve may be significantly less
than in a normal mitral valve. The reduction
of the effective valve area can be determined
by structural abnormalities including large
bridging tissue, bulky abnormal leaflets,
fused chordae and abnormal papillary mus
cles. With the association of complete atrio
ventricular septal defect, the combined area
can reach 85-90% of the normal area.

I Diagnosis

Clinical pattern, electrocardiogram and chest
X-ray are very similar to the other cases
with either mitral stenosis or regurgitation.

Echocardiogram: the two orifices of double
orifice mitral valve are best visualized in
short-axis cross sectional view (Fig. 2.9.5),
scanning from the left ventricular apex to
the base; apical and subcostal 4-chamber
views are also useful to visualize the sub
valvular apparatus; Doppler color flow shows
the flow pattern through the mitral valve.

Mitral valve disease

I Indications for surgical treatment

Indication for surgery is straightforward in all
symptomatic children. In asymptomatic pa
tients the decision must take into considera
tion the mismatch between the morphology
of the valve and the surgical experience with
reparative valve procedures. Congenital mitral
valve defects remain a surgical challenge, par
ticularly in mitral stenosis, and when asso
ciated with other heart defects, because of a
wide variety of apparatus anomalies and the
young age of the patients, and because there
is no ideal substitute for the mitral valve,
and repair is not always feasible.

Reconstructive surgery is always the pri
mary goal, and valve replacement as first
stage approach should be considered as a
salvage procedure, particularly in the young
est patients.

I Mitral stenosis: mitral valve commissurot
omy, division of fused chordae tendineae
and papillary muscles can be taken into con
sideration.

I Mitral regurgitation: partial plication an
nuloplasty is the main technique for congen
ital mitral regurgitation because this tech
nique allows the mitral annulus to grow, in
contrast to ring annuloplasty; the only limit
of this technique is the absence of chordae,
where artificial chordae replacement pro
vides better long-term results. Partial annu 
loplasty, repair of the cleft of the anterior
leaflet, chordal shortening, chordal transfer,
artificial chordae, resection or reconstruc
tion of the anterior or posterior leaflet, mod
ified de Vega are all techniques available to
the armamentarium of cardiac surgeons in
this situation. Accessory mitral valve tissue
causing left ventricular outflow tract ob
struction may require surgical removal only
in the presence of severe obstruction.

I Surgical treatment
(on cardiopulmonary bypass)

Both the procedures of mitral valve repair
and replacement are performed on cardio
pulmonary bypass, with approach to the left
atrium either directly with an incision paral
lel and posterior to the interatrial groove, or
on the dome of the left atrium, or through
an incision of the interatrial septum, after
right atriotomy. In small infants a combina
tion of the above incisions may be necessary
to obtain adequate surgical exposure.

Since the pathology of congenital mitral
malformations is extremely variable, it is
impossible to provide details of the various
surgical techniques, particularly because
they all depend upon the mismatch between



the anatomy of the valve and the experience
of the individual surgeon. Because of the
negative aspects of mitral valve replacement
(distortion of the left ventricular geometry,
impairment of the left ventricular function,
need for anticoagulation), particularly in
young patients (higher mortality, outgrowth
of the valve), and because of the unavailabil
ity of small size prosthetic valves (the small
est commercially available mechanical valve
is a 15 mm diameter prosthesis), aggressive
reconstructive procedures are always taken
into consideration to avoid valve replace
ment, particularly in the first few years of
life.

I Mitral valve repair:
- Mitral stenosis: the fused mitral valve

commissurae are directly incised with full
mobilization of the leaflets, and the thick
ened leaflets are shaved; fused chordae
tendineae are incised and split as well as
the fused papillary muscles to relieve sub
valvular stenosis; the supravalvular ring is
completely resected. Resection of acces
sory mitral valve tissue causing left ven
tricular outflow tract obstruction can be
performed through a transatrial or trans
aortic approach, or from the combined
approach.
Mitral regurgitation: Partial annuloplasty,
repair of the cleft of the anterior leaflet,
chordal shortening, chordal transfer, arti
ficial chordae (5-0 expanded PTFE su
tures) to replace absent, fused or elon
gated chordae, resection or reconstruction
of the anterior or posterior leaflet with
pericardial patch leaflet extension, modi
fied de Vega are all techniques available,
mostly similar to the techniques used in
adult patients.

After mitral valve repair, the obtained
diameter is measured with Hegar dilators
and compared with the normal value for
age and body weight; then a static test to
rule out residual or induced regurgitation
is performed with injection of saline solu
tion under pressure into the left ventricu
lar chamber; the most reliable evaluation
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is obtained with intraoperative transeso
phageal echocardiography after weaning
from cardiopulmonary bypass.

I Mitral valve replacement: the surgical
technique has to take in consideration the
mismatch between the size of the patient
and the size of the available prosthetic valve.
The approach is the same as for mitral valve
repair, but in the smallest patients it is nec
essary to implant the prosthetic valve in the
supraannular position in the left atrium, in
strict proximity of the orifices of the pulmo
nary veins.

When a mitral valve replacement is un
avoidable, the choice among the available
options is relatively limited, particularly in
smaller children:
- Biological valves are not an ideal substi

tute, because of early calcification, due to
the accelerated calcium metabolism in
children, and biological tissue degenera
tion. The experience with homografts for
mitral valve replacement in children is
still too limited and with a reduced appli
cability.

- Mechanical valves required life-long anti
coagulation and present the problem of
outgrowth; bileaflet mechanical prostheses
are the valve of choice in infants and
small children.

- Homografts can be used, but the experi
ence with homografts for mitral valve re
placement in children is still too limited
and with a reduced applicability, and
furthermore with poor medium and long
term results, because of thickening,
shrinking and calcification of the homo
graft implanted in the systemic circula
tion.

Alternative surgical techniques have been
utilized:
- Pulmonary autograft (Kabbani-Ross mitral

procedure). A pulmonary autograft, like
for the Ross procedure (see chapter "Left
ventricular outflow tract obstruction"), is
used to replace the malformed mitral
valve in neonates and infants unsuitable



126 I Mitral valve disease

Fig. 2.9.6. Mitral valve disease: surgery. Postoperative angio
graphy in left anterior oblique view showing a valved con
duit implanted from the left atrium to the left ventricle to
bypass a hypoplastic mitral valve (LA left atrium, LV left ven
tricle, VC valved conduit) (reproduced with permission from
Como AF, Giannico 5, Leibovich 5, Mazzera E, Marcelletti C
(1986) The hypoplastic mitral valve. When should a left atrial
left ventricular extracardiac valved conduit be used? J Thorac
Cardiovasc Surg 91:848-851)

for a conventional approach; of course a
biological valved conduit is needed to re
place the explanted native pulmonary
valve.

- Valved conduit bypass of the mitral valve.
In the presence of severely hypoplastic
mitral valve annulus, where conventional
reconstructive procedures are inadequate
and valve replacement is impossible be
cause of the small size of the mitral valve
annulus, bypass of the mitral valve is pos
sible by means of a valved conduit im
planted between the left atrium and the
left ventricle; the proximal anastomosis is
performed on the incised left auricular
appendage and the distal anastomosis on
an apical left ventriculotomy parallel to
the left anterior descending coronary ar
tery (Figs. 2.9.6 and 2.9.7).

I Potential complications

Mitral valve repair: residual or recurrent mi
tral valve stenosis or regurgitation, requiring
reoperation. Particularly less satisfactory are
the results of repair of the hammock mitral
valve.

Fig. 2.9.7. Mitral valve disease: surgery. Postoperative angio
graphy in left anterior oblique view with pulmonary artery
injection a showing a valved conduit implanted from the left
atrium to the left ventricle to bypass an outgrown prosthetic
mitral valve (white arrow) and b showing the left ventricular
filling through the valved conduit implanted from the left
atrium to the left ventricle and the opacification of the aorta

Mitral valve replacement: in younger chil
dren (less than 3-5 years of age) it is still ac
companied by elevated mortality and morbid
ity, substantially higher than in older children
and young adults. Potential complications in
clude complete atrioventricular block, para
valvular leak, thromboembolism, bleeding,
arrhythmias, prosthetic valve endocarditis,
structural and nonstructural (valve entrap
ment by pannus formation) prosthetic valve
dysfunction, patient-valve mismatch, patient
outgrowth of the artificial prosthesis.
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CHAPTER 2.10 A neurysm of Valsalva

I Incidence

Aneurysms of sinus of Valsalva are very rare
congenital malformations, with an incidence
between 0.1 and 3.5% of all congenital heart
defects. The incidence is more elevated
among the Asian population, with an inci
dence up to five times higher than in Wes
tern population, with a 2:1 to 4:1 male to fe
male ratio, because of the higher incidence
of infundibular septal defects; in fact this
type of defect may contribute to the instabil
ity of the aortic sinuses, particularly of the
right sinus.

I Morphology

The sinuses of Valsalva are located in the
most proximal part of aorta, just above the
cusps of the aortic valve, and end at the
level of the sino-tubular junction, where the
tubular portion of the aorta begins, each si
nus corresponding to an individual cusp of
the aortic valve.

The aneurysm of sinus of Valsalva is a
congenital disorder consisting of a weak
point in the aortic wall resulting from a lo
calized interruption of the media within one
of the sinuses, adjacent to the hinge line of
the cusp of the aortic valve; the consequence
is a thin-walled saccular or tubular out
pouching, like a windsock. It occurs more
frequently in the right coronary sinus (80
90% versus 65-70%, respectively in the
Asian and Western population) than in the
noncoronary sinus (10-20% versus 20-35%,
respectively in the Asian and Western popu-

lation). Most of the reported cases (65%)
came to observation because of the rupture
of the aneurysm, in comparison with a
smaller number of cases (35%) diagnosed
without rupture. Due to the central position
of the aortic root, the congenital aneurysm
of sinus of Valsalva can rupture into any of
the cardiac chambers: the most frequent are
right ventricle (94% versus 57%, respectively
in the Asian and Western population of the
cases) and right atrium (between 5% and
30%); rarely (equal or less than 1%) rupture
has been reported in left atrium, left ventri
cle or pulmonary artery.

I Associated anomalies

Ventricular septal defect, particularly the in
fundibular type, is frequently (50-60% ver
sus 35-40% of the cases, respectively in the
Asian and Western population) associated
particularly with aneurysm of the right cor
onary sinus, less frequently aortic valve re
gurgitation (20-30% of the cases), left ven
tricular outflow tract obstruction with sub
aortic membrane or bicuspid aortic valve
(10%), pulmonary stenosis (5%), atrial sep
tal defect (2-5%), aortic coarctation (1-2%);
occasional association has been reported
with tetralogy of Fallot, anomalous origin of
a coronary artery, patent ductus arteriosus.

Various generalized disorders may be as
sociated with dilatation and/or distortion of
the aortic root, including Marfan syndrome,
Ehlers-Danlos syndrome, Turner syndrome,
Williams syndrome and osteogenesis imper
fecta.

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004



134 • Aneurysm of Valsalva

I Pathophysiology

Aneurysmal dilatat ion of the sinuses of Val
salva occurs when the aortic media is defec
tive, allowing separation of the media from
the fibrous aortic annulus. Under the strain
of aortic pressure, the involved sinus gradu
ally weakens and dilates like a windsock,
causing the formation of the aneurysm. Lack
of supporting tissue, like in the presence of
infundibular septal defect, may contribute to
instability and progressive distortion of the
aortic sinus, often with associated aortic
valve regurgitation. Distortion and prolapse
of the involved sinus and of the aortic valve
leaflet can lead to progressive aortic valve re
gurgitation.

Generally asymptomatic, the aneurysm of
sinus of Valsalva becomes evident when rup
ture occurs. At this point an acute left-to
right shunt from the aorta to one of the
right cavities leads to the development of
ventricular volume overload with simulta
neous acute aortic valve regurgitation. Rup
ture may occur into any cardiac cavity,
although most frequently occurs into a low
pressure chamber, the right ventricle; rup
ture into the right atrium is the second most
common, followed by rupure into the left
sided cavities; extremely rarely rupture oc
curs into the pericardium. The pathophysio
logic pattern depends upon size and location
of the shunt resulting from the rupture of
the aneurysm. Right ventricular outflow
tract obstruction, coronary artery compres
sion, left atrial roof compression with subse
quent mitral valve regurgitation, ventricular
tachycardia and complete atrioventricular
block have been reported as consequences of
the presence of an aneurysm of sinus of Val
salva. Endocarditis or thromboembolism can
also be the initial manifestation of sinus of
Valsalva.

I Diagnosis

I Clinical pattern: important aneurysmal di
latation is rarely seen at birth; generally
asymptomatic until rupture occurs, with
acute onset of overwhelming congestive
heart failure, cardiac tamponade, arrhyth
mias, myocardial ischemia, depending upon
the size and location of the aneurysm and
the subsequence flow disturbance; 15-20%
of patients with ruptured aneurysm of Val
salva remain asymptomatic; sudden death
can follow rupture of an aneurysm of Valsal
va, because of any of the above problems;
young adults with unruptured aneurysm
may present with effort dyspnea, chest pain,
palpitations, signs of advancing heart failure;
clinical signs may be absent or due to the
left-to-right shunt with aortic valve regurgi
tation: widened pulse pressure, bounding pe
ripheral pulses, precordial thrill, and loud
continuous murmur, accentuated in diastole ,
along the left sternal border.

I Electrocardiogram: left or right ventricular
or biventricular enlargement, right bundle
branch block are frequent; myocardial isch
emia with depression of the ST-T segment
and conduction disturbances are less fre
quent.

I Chest X-ray: cardiomegaly, with right heart
enlargement and increased lung vascularity
in the presence of rupture into the right ven
tricle or right atrium, and with enlargement
of the aortic root in the case of rupture into
the left ventricle.

I Echocardiogram: is the most reliable meth
od to confirm the diagnosis, showing the
morphology of the proximal aorta and of
the aortic sinuses (Fig. 2.10.1); Doppler col
or flow can indicate and quantitate the shunt
due to the rupture of the aneurysm, and also
the degree of aortic valve regurgitation;
transesophageal echocardiography provides
better anatomical and functional character
ization of the defect (Fig. 2.10.2).



Fig. 2.10.1. Aneurysm ofValsalva: a preoperative transthoracic
echocardiography, showing the ruptured aneurysm ofthe right
sinus of Valsalva (arrow) protruding into the right ventricle
through a large ventricular septal defect, b preoperative trans
thoracic Doppler echocardiography of the same patient, show
ing the severe regurgitation into the left ventricle from the rup
tured aneurysm of the right sinus of Valsalva and the left-to
right shunt through the ventricular septal defect (Ao aorta,
LA left atrium, LV left ventricle, RV right ventricle)

I Cardiac catheterization: angiography can
be useful to detect coronary artery anoma
lies or compression.

I Indications for surgical treatment

Because of the sudden hemodynamic dete
rioration in case of rupture, with most pa
tients coming to death within a short period
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Fig.2.10.2. Aneurysm of Valsalva: a intraoperative trans
esophageal echocardiography of the same patient as in
Fig. 2.10.1, showing the ruptured aneurysm of the right sinus
of Valsalva (arrow) protruding into the right ventricle through
a large ventricular septal defect (LA left atrium, LVaT left
ventricular outflow tract, RA right atrium, RSV right sinus of
Valsalva, RV right ventricle), b intraoperative transesophageal
Doppler echocardiography of the same patient, showing the
left-to-right shunt aorta-to-right ventricle from the ruptured
aneurysm of the right sinus of Valsalva (Ao aorta)

after rupture, early diagnosis is mandatory
and prompt surgical treatment is often life
saving.

In patients with unruptured aneurysm, in
dication for surgery depends upon the asso
ciated lesions and the degree of aortic valve
regurgitation, and of course upon the subse
quent hemodynamic pattern and the degree
and rapidity of progressive enlargement of
the aneurysm itself. Unfortunately in most
patients the time-related probability of aneu
rysmal rupture is impossible to determine
based on the clinical history. Furthermore
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the natural history or unruptured aneurysm
of sinus of Valsalva is unknown, because
most of these lesions are asymptomatic and
remain undetected.

Despite recent reports of closure of rup
tured aneurysms of Valsalva with a proce
dure of interventional cardiology, surgical
repair remains the gold standard to obtain
complete closure and to avoid recurrence.

I Surgical treatment
(on cardiopulmonary bypass)

Surgery of ruptured aneurysms is performed
on cardiopulmonary bypass, with particular
attention to the administration of the cardio
plegic solution, preferable through retrograde
infusion into the coronary sinus. The surgical
repair is accomplished with direct or patch
closure of the rupture, either from an single
approach through an aortotomy {Fig. 2.10.3)
or through an incision in the cardiac chamber
of the exit of the aneurysm, or from double
approach involving both the involved cardiac
chamber and the aortic root.

The technique with patch closure is the
most reliable because it is accompanied by
the lowest rate of recurrencies. Of course
perfect exposure is needed to visualize the
defect as well as the aortic valve leaflets and
to identify the orifice of the coronary ar
teries.

While associated ventricular septal defect
requires patch closure, even for relatively
small defects, to avoid recurrencies (see
chapter "Ventricular septal defect"), the re
pair of the aortic valve is the first choice,
particularly in the pediatric age, with direct
or patch resuspension of the aortic valve
leaflets; again, patch technique provides bet
ter long-term results in terms of reducing
the need for aortic valve reoperation or re
placement. The surgical exposure of the ven
tricular septal defect can be obtained either
through the same aortotomy used to expose
the aneurysm, or through an incision in the
main pulmonary artery, since in the vast
majority of the patients it is an infundibular

Fig. 2.10.3. Aneurysm of Valsalva: surgery. Intraoperative
photograph showing a rupture of the non-coronary sinus of
Valsalva, indicated by the open forceps; the aortic valve is
exposed with three stay sutures at the level of the three
commissurae, and a pump sucker is introduced into the left
ventricle through the open aortic valve (AAo ascending aorta,
AoCC aortic cross clamp, Aoe aortic cannula, SVCe superior
vena cava cannula)

type of ventricular septal defect; very rarely
a right ventriculotomy is required.

The surgical repair of unruptured aneu
rysms is generally performed through only
an aortotomy.

Associated aortic valve replacement can
be required in the presence of severe distor
tion of the aortic root or involvement of the
aortic valve, that is not suitable to a valve
sparing procedure, either at the moment of
the aneurysm repair or later during the fol
low-up, due to progression of the aortic
valve regurgitation.

Intraoperative trans esophageal echocar
diography not only allows adequate preoper
ative evaluation of the defect, but it is essen
tial to control the quality of the surgical re
pair, in particular regarding the presence of



Fig. 2.10.4. Aneurysm of Valsalva: surgery. a Postoperative
transesophageal echocardiography of the same patient as in
Figs. 2.10.1 and 2.10.2, showing the patch closure (arrow) of
the ruptured aneurysm of the right sinus of Valsalva, b post
operative transesophageal Doppler echocardiography of the
same patient, showing the abolished left-to-right shunt due
to the patch closure (arrow) of the ruptured aneurysm of
the right sinus of Valsalva (AD aorta, LA left atrium, RA right
atrium, RV right ventricle)

residual fistulous communication, residual
ventricular septal defect or aortic valve re
gurgitation (Fig. 2.10.4).

I Potential complications

Residual or recurrent shunt from the aorta
to the affected cardiac chamber, residual or
progressive aortic valve regurgitation, resid
ual or recurrent ventricular septal defect,
complete atrio-ventricular block, arrhyth
mias, myocardial infarction, infective endo
carditis, thromboembolism.
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CHAPTER 2.11 Double outlet right ventricle

I Incidence

Double outlet right ventricle is the 12th most
common congenital heart defect (1.5-2.0%
of all congenital heart defects). Occurs in
0.03-0.1/1,000 live births. No sex prevalence
is reported.

I Morphology

Double outlet right ventricle defines a hetero
geneous group of cardiac malformations uni
fied by an abnormal ventriculoarterial con
nection. The general agreement is about the
definition of double outlet right ventricle
when both great arteries, or one of the two
great arteries and more than half of the other
great artery originate from the right ventricle.

According to Yves Lecompte, the classifi
cation and terminology of this complex
group of patients with anomalous ventricu
loarterial connection is less important than
the precise preoperative definition of the
anatomic criteria useful to determine the
best surgical approach. Nevertheless the cat
egorization of patients with double outlet
right ventricle is necessary to compare the
results of different surgical treatments.

A morphological feature characteristic of
the double outlet right ventricle is absence
of the normal fibrous continuity between the
mitral and semilunar valve (either the aortic
valve in the presence of ventriculoarterial
concordance, or the pulmonary valve in the
presence of ventriculoarterial discordance),
referred to as the presence of a, respectively,
subaortic or subpulmonary conus.

The relationship between the great arteries
may be in any of the various possibilities,
but usually they are side by side and paral
lel. The aortic valve could be to the right or
left of the pulmonary valve or in an antero
posterior relationship.

Fig. 2.11.1. Double outlet right ventricle: morphology. Exter
nal appearance of a heart with double outlet right ventricle
with ventriculoarterial concordance (Ao aorta, LA left atrium,
LV left ventricle, PA pulmonary artery, RA right atrium,
RV right ventricle) (photograph courtesy of Dr. Bruno Marino)

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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Fig. 2.11.2. Double outlet right ventricle: morphology. Subxi
phoid right oblique view of a heart with double outlet right
ventricle, ventriculoarterial discordance and subpulmonary
ventricular septal defect (so-called Taussig-Bing malformation)
(AD aorta, PA pulmonary artery, RA right atrium, RV right
atrium) (Reproduced with permission from Marino B, Thiene
G (1990) Atlante di anatomia ecocardiografica delle cardiopa
tie congenite, USES, Firenze)

Patients with double outlet right ventricle
have been categorized according to:

I The type oftheventriculoarterial connection:
I concordant (85%): the pulmonary artery

originates entirely from the right ventricle
(Fig. 2.11.1),

I discordant (15%): the aorta originates en-
tirely from the right ventricle (Fig. 2.11.2).

I The position of the associated ventricular
septal defect:
I subaortic ventricular septal defect

(Fig. 2.11.3) (50%),
I subpulmonary ventricular septal defect

(Fig. 2.11.4) (30%),

Fig. 2.11.3. Double outlet right ventricle: morphology. Right
anterior oblique view of a heart with double outlet right
ventricle with ventriculoarterial concordance and subaortic
ventricular septal defect (black arrow) (AD aorta, PA pulmo
nary artery, RA right atrium, RV right ventricle) (photograph
courtesy of Dr. Bruno Marino)

I doubly-committed ventricular septal de
fect (immediately underneath the semilu
nar valves) (10%),

I noncommitted (remote) ventricular septal
defect (far from both the semilunar
valves) (10%).

I The type of pulmonary blood flow
I restricted (= with pulmonary stenosis)
I unrestricted (= without pulmonary steno

sis).

The most frequent combination is double
outlet right ventricle with concordant ventri
culoarterial connection, subaortic ventricular
septal defect and obstruction to the pulmo-
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Fig. 2.11.4. Double outlet right ventricle: morphology. a Exter
nal appearance in left oblique subxiphoid view ofa heart with
double outlet right ventricle, ventriculoarterial discordance and
aortic coarctation (so-called Taussig-Bing malformation), b in
ternal appearance in left oblique subxiphoid view ofthe same
heart with double outlet right ventricle, ventriculoarterial dis
cordance, subpulmonary ventricular septal defect (black arrow)
and aortic coarctation (so-called Taussig-Bing malformation),
c internal appearance in the lateral view of the same heart

with double outlet right ventricle, ventriculoarterial discor
dance and aortic coarctation (so-called Taussig-Bing malforma
tion), with the subpulmonary ventricular septal defect (black
arrows), d external appearance of a heart with double outlet
right ventricle, ventriculo-arterial discordance and aortic coarc
tation (white arrow) (so-called Taussig-Bing malformation)
(Ao aorta, OTAo descending thoracic aorta, LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle, PA pulmo
nary artery) (photographs courtesy of Dr. Bruno Marino)
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nary outflow tract (so-called tetralogy of Fal
lot-type). This type of double outlet right
ventricle is morphologically and functionally
very similar to the tetralogy of Fallot, in par
ticular regarding the obstruction at the level
of the right ventricular outflow tract. The
main difference with tetralogy of Fallot is
that it is possible (even if more rare , about
10% of the patients) to have a double outlet
right ventricle of this type with restrictive
ventricular septal defect, because of an ana
tomically small defect or because of the
anomalous insertion of the tricuspid valve.
The right ventricular outflow tract obstruc
tion can be at the infundibular level (the
most frequent), the valvular level (with or
without annular hypoplasia), or both; there
are also instances with isolated low level in
fundibular obstructions, producing a two
chambered right ventricle. Typical cardiac
anomalies associated with this type of dou
ble outlet right ventricle are mitral stenosis
and subaortic obstruction, as well as anoma
lous attachments (straddling) of the anterior
and septal leaflets of the tricuspid valve.

The second most frequent type is double
outlet right ventricle with discordant ventri
culoarterial connection and subpulmonary
ventricular septal defect, without obstruction
to the pulmonary outflow tract (so-called
Taussig-Bing malformation). In this type of
double outlet right ventricle, the hemody
namic pattern is similar to the transposition
of the great arteries with unrestrictive ven
tricular septal defect and malalignment of
the infundibular septum, and the two mal
formations are quite frequently confused,
since in double outlet right ventricle the pul
monary artery is overriding a large anterior
ventricular septal defect, and the two great
arteries are parallel to each other. Pulmo
nary stenosis is practically exceptional in
this type. Typical cardiac anomalies asso
ciated with this type of double outlet right
ventricle are straddling mitral valve, subaor
tic obstruction and aortic coarctation.

Another combination is double outlet right
ventricle with concordant ventriculoarterial
connection and subaortic ventricular septal

defect, without obstruction to the pulmonary
outflow tract. This type of double outlet
right ventricle, like the most frequent combi
nation with right ventricular outflow tract
obstruction (the so-called tetralogy of Fallot
type), is also morphologically very similar
to the tetralogy of Fallot, but without any
obstruction at the level of the right ventricu
lar outflow tract. On the contrary, there is
the possibility of a restrictive ventricular
septal defect (because of the presence of hy
pertrophic ventriculoinfundibular fold) as
well as of subaortic obstruction, either due
to the prominent ventriculoinfundibular fold
or to the presence of a subaortic fibrous
membrane. The pathophysiology in this
cases is very similar to the hemodynamics
of patients with unrestrictive ventricular
septal defect. Typical cardiac anomalies as
sociated with this type of double outlet right
ventricle are straddling mitral valve and aor
tic coarctation.

More rare are the combinations of double
outlet right ventricle with doubly committed
or with noncommitted (remote) ventricular
septal defect. In patients with doubly com
mitted ventricular septal defect the morpho
logical characteristic is the absence (or the
very severe hypoplasia) of the infundibular
septum, with juxtaarterial ventricular septal
defect, ventriculoarterial concordance, and
frequently pulmonary stenosis. In patients
with noncommitted (remote) ventricular
septal defect, the defect is frequently of mus
cular or inlet (atrioventricular) type, and is
therefore distant from both the semilunar
valves, there is ventriculoarterial concor
dance, and pulmonary stenosis is very rare .

I Associated anomalies

Dextrocardia, juxtaposition of left auricular
appendages, total anomalous pulmonary
venous connection, anomalous systemic
venous connections, cor triatriatum, mitral
stenosis, cleft of the mitral valve, common
atrioventricular valve, straddling mitral and!
or tricuspid valve (Fig. 2.11.5), superoinfer-



Fig. 2.11 .5. Double outlet right ventricle: morphology. Heart
with double outlet right ventricle, ventricular septal defect
(black arrow) and straddling tricuspid valve (RV right ventri
cle) (photograph courtesy of Dr. Bruno Marino)

ior ventricles with or without criss-crossing
atrioventricular connections, multiple ventri
cular septal defects, hypoplastic left ventri
cle, left ventricular outflow tract obstruction,
discrete subaortic stenosis, aortic coarcta
tion, aortic arch interruption, absent pulmo
nary valve, absent left pulmonary artery, and
ectopia cordis have all been reported in as
sociation with double outlet right ventricle.

The origin and course of the coronary ar
teries are associated with the relationship be
tween the aorta and pulmonary artery, and
several variations are described, including
anomalous origin of the right coronary artery
from the left main coronary artery, duplica
tion of the left anterior descending coronary
artery, anomalous origin of the left anterior
descending coronary artery from the right
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coronary artery, anomalous origin of the left
circumflex artery from the right coronary ar
tery, and single right or single left coronary
artery as the most frequent anomalies.

I Pathophysiology

The pathophysiology in double outlet right
ventricle reflects the heterogeneity of the car
diac morphology in this abnormal ventricu
loarterial connection, as well as the severity
of the associated lesions. Patients with tetral
ogy-type of morphology, like in tetralogy of
Fallot may present early in the neonatal peri
od with right-to-left shunt or beyond infancy
with relatively well-balanced circulation, de
pending upon the degree of obstruction to
the pulmonary blood flow. Patients with dou
ble outlet right ventricle and subaortic ventri
cular septal defect present with large left-to
right intracardiac shunt, like patients with
isolated unrestrictive ventricular septal defect.
In these infants the presence of an associated
left ventricular outflow tract obstruction and/
or aortic coarctation further increases the
left-to-right intracardiac shunt. On the con
trary, substantial right-to-left intracardiac
shunt is present from the first few days of life
in patients with double outlet right ventricle
and subpulmonary ventricular septal defect.

I Diagnosis

• Clinical pattern: the clinical presentation
reflects the underlying morphology; cyano
sis and/or heart failure can be present de
pending upon the type of ventriculo-arterial
connection and the presence and degree of
obstruction to the pulmonary and systemic
blood flow, and the subsequent intracardiac
streaming; the physical signs will vary ac
cording to the pathophysiologic pattern.

Electrocardiogram: right axis deviation,
right ventricular hypertrophy, often with a
qR pattern in the right precordial leads,
more rarely biventricular hypertrophy.
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• Chest X-ray: it is not diagnostic and not
specific, since the cardiac silhouette can vary
from the aspect typical of tetralogy of Fallot
to the appearance present in transposition of
the great arteries.

• Echocardiogram: the combination of para
sternal short- and long-axis views allows com
plete diagnosis, with identification of the type
of intracardiac morphology; subcostal and
apical 4-chamber views demonstrate the pre
cise spatial relationship between the aorta
and pulmonary artery and to the ventricular
septal defect, and the presence and degree of

Fig. 2.11.6. Double outlet right ventricle: echocardiography
with left oblique subxiphoid view showing double outlet
right ventricle with ventriculoarterial concordance and unrest
rictive subaortic ventricular septal defect (black arrows)
(A aorta, LA left atrium, LV left ventricle, RV right ventricle)
(photograph courtesy of Dr. Bruno Marino)

Fig. 2.11.7. Double outlet right ventricle: echocardiography in
a child with Taussig-Bing, intact atrial septum, hypoplastic aor
tic arch, patent ductus arteriosus, and systemic pulmonary hy
pertension, with a the left oblique subxiphoid view showing
the unrestrictive subpulmonary ventricular septal defect (white
arrow) and b the long-axis subxiphoid view showing the dou
ble outlet from the right ventricle, C color Doppler echocardio
graphy in the same patient of a and b showing the unrest
ricted double outlet from the right ventricle (Ao aorta, PA pul
monary artery, RA right atrium, RV right ventricle)



Fig. 2.11.8. Double outlet right ventricle: echocardiography
in the right oblique subxiphoid view showing a double out
let right ventricle with doubly committed ventricular septal
defect (Ao aorta, LA left atrium, PA pulmonary artery, RA
right atrium, RPA right pulmonary artery, RV right ventricle)
(photograph courtesy of Dr. Michael Rigby)

obstruction to the right and left ventricular
outflow tract (Figs. 2.11.6-2.11.8);

Cardiac catheterization: this procedure is
indicated in neonates with ventriculoarterial
discordance and restrictive interatrial com
munication, where balloon atrioseptostomy
(=Rashkind procedure) is required, or in or
der to better define the origin and course of
coronary arteries in view of an arterial
switch operation, or to better evaluate sys
temic obstructions (Fig. 2.11.9); in patients
with ventriculoarterial concordance it is re
quired in order to plan primary surgical re
pair, while in older children with pulmonary
hypertension it is used to quantitate the pul
monary vascular resistance and to rule out
pulmonary vascular obstructive disease.

I Indications for surgical treatment

Palliation: modified Blalock-Taussig shunt
(see chapter "Tetralogy of Fallot") can be
considered in neonates with double outlet
right ventricle with concordant ventriculoar
terial connection, subaortic ventricular septal
defect and obstruction to the pulmonary out-
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flow tract (so-called tetralogy of Pallet-type)
in the presence of severe cyanosis in the first
days or weeks of life, when primary repair
is judged to carry a higher risk than two
stage surgical treatment.

Pulmonary artery banding is considered
for double outlet right ventricle with concor
dant ventriculoarterial connection and sub
aortic ventricular septal defect, without ob
struction to the pulmonary outflow tract
when the patient comes to observation after
late referral with severe pulmonary hyper
tension (Fig. 2.11.10), in order to allow for a
period with reduced pulmonary artery pres
sure before intracardiac repair.

I Repair: according to each different type of
morphology, several surgical techniques have
been reported, referring to one of the fol
lowing principles:
I intraventricular repair connecting the left

ventricle to the aorta and the right ventri
cle to the pulmonary artery,

I arterial switch operation with closure of
the ventricular septal defect by a prosthe
tic patch connecting the left ventricle to
the neoaorta,

• univentricular type of repair, with end-to
side superior vena cava to pulmonary ar
tery anastomosis (= bidirectional Glenn)
followed by total cavopulmonary connec
tion (= modified Fontan procedure).

Because the large variability of intracar
diac morphologies, with various associated
cardiac lesions, and the different surgical ex
periences, several alternative surgical options
are available for each patient, making the
choice of the operation something unique
for the mismatch of the individual patient
with the individual surgeon.

I Surgical treatment
(on cardiopulmonary bypass)

I Intraventricular repair: there are different
types of intraventricular repair. In all of
them the left ventricle is connected with the
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Fig. 2.11.9. Double outlet right ventricle: angiography. a right
ventricular injection with left anterior oblique view showing
the double outlet right ventricle, with hypertrophic right ven
tricle, small ascending aorta, very dilated main pulmonary ar
tery, in a child with Taussig-Bing malformation, large subpul
monary ventricular septal defect, hypoplastic aortic arch, aortic
coarctation and anomalous single origin of the coronary ar
teries from the left sinus (Ao aorta, PA pulmonary artery, RV
right ventricle), b right ventricular injection inthe same patient
with left anterior oblique view showing the double outlet right
ventricle, with small ascending aorta and very dilated main
pulmonary artery (AAo ascending aorta, RPA right pulmonary
artery), c right ventricular injection in the same patient with
lateral view showing the double outlet right ventricle and

aorta, and the right ventricle with the pul
monary artery, either directly or with the in
terposition of a conduit.

Intraventricular tunnel repair. This type of
repair, suitable for the more simple type of
double outlet right ventricle with concordant
ventriculoarterial connection and subaortic
ventricular septal defect, can be performed
either through right atriotomy (rarely) or
right ventriculotomy. Right ventriculotomy
allows easier evaluation of the adequate
shape and positioning of the prosthetic
patch needed to connect the left ventricle

the large subpulmonary ventricular septal defect (white ar
rows) (LV left ventricle), d aortic root injection in the same pa
tient with lateral view showing the hypoplastic aortic arch
(white arrow) with aortic coarctation (white asterisk) (OTAo
descending thoracic aorta), e selective coronary artery injection
inthe same patient with anteroposterior view showing the sin
gle origin of the coronary arteries from the left sinus (white
arrow). The patient underwent successful repair with closure
of ventricular septal defect, reconstruction of the aortic arch
andisthmus with an autologous patch ofthe native pulmonary
artery, and biological valved conduit implantation between the
right ventricle and pulmonary artery (Cx circumflex coronary ar
tery, LAO left anterior descending coronary artery, RCA right
coronary artery)

with the aorta. The ventricular size and po
sition, combined with the relationship be
tween the diameter of the aortic valve and
the distance between the tricuspid and pul
monary valve, dictate the need for enlarge
ment of the tunnel between left ventricle
and aorta. When needed, the ventricular
septal defect is enlarged by an anterior inci
sion, with muscular resection. The prosthe
tic material used to create the intraventricu
lar tunnel is generally a prosthetic tubular
prosthesis (PTFE, Dacron) about 20% larger
than the aortic diameter, cut at a length
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Fig. 2.11.10. Double outlet right ventricle: surgery. Intra
operative photograph in a child a with double outlet right ven
tricle, uncommitted ventricular septal defect, straddling tricus
pid valve, anomalous left anterior descending coronary artery
from the right coronary artery, andsevere pulmonary hyperten
sion, who underwent Rulmonary artery banding with the ad
justable FloWatch-PAB M at three years of age with a very di
lated pulmonary artery because ofsevere pulmonary hyperten
sion due to late referral (Ao aorta, PA pulmonary artery, RA right
atrium, RV right ventricle), b after palliative surgery: pulmonary

equal to the distance between the anterior
edge of the ventricular septal defect and the
aortic annulus. Two-thirds of the entire cir
cumference of the tubular prosthesis is used,
in a manner to leaving an unobstructed left
ventricle to aorta tunnel, but at the same
time avoiding the potential bulging of the
patch to obstruct the right ventricular out
flow tract (Fig. 2.11.11).

In the presence of severe obstruction to
the pulmonary outflow tract, a transannular
patch or a biological valved conduit im
planted between the right ventriculotomy
and the pulmonary artery is used to relieve
the obstruction. An alternative option is the
Lecompte procedure (see below for details).

In double outlet right ventricle with discor
dant ventriculoarterial connection and sub
pulmonary ventricular septal defect, without
obstruction to the pulmonary outflow tract
(so-called Taussig-Bing malformation), the
intraventricular tunnel is more complicated

artery banding with adjustable device (FW FloWatch-PAB™),
c the dissection of the FloWatch-PAB™ at the time of deband
ing with intracardiac repair (RCA right coronary artery), dafter
preparation of cardiopulmonary blJass for intracardiac repair
and removal of the FloWatch-PAB , with spontaneous dilata
tion of the pulmonary artery (CPe cardioplegia cannula, /VCe
inferior vena cava cannula, SVC superior vena cava cannula),
e after intracardiac repair with implantation of a biological
valved conduit (Conteqra, Medtronic) between the right ventri
cle and pulmonary artery (BVC biological valved conduit)

Fig. 2.11.11. Double outlet right ventricle: surgery. Postop
erative echocardiography of the same patient as in
Fig. 2.11.7 showing the relationship between the tunnel left
ventricle-aorta and the biological valved conduit implanted
between the right ventricle and pulmonary artery (Ao aorta,
LV left ventricle, PA pulmonary artery, RV right ventricle)
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to design and accomplished. In the Kawashi
ma technique, the intraventricular tunnel is
positioned posteriorly to the orifice of the
pulmonary valve, if there is enough distance
between the tricuspid and pulmonary valves.
If the distance between the tricuspid and
pulmonary valves is inadequate, the intra
ventricular tunnel has to remain anterior to
the orifice of the pulmonary valve. In both
cases the ventricular septal defect needs to
be enlarged by anterior resection of the in
fundibular septum.

In patients with double outlet right ventricle
with discordant ventriculoarterial connection
and obstruction to the pulmonary outflow
tract the best surgical option is the Lecompte
procedure (or REV=Reparation al'Etage Ven
triculaire) (see chapter "Transposition of the
great arteries"); after right ventriculotomy
and infundibular resection, the left ventricle
is connected to the aorta by closure of ventri
cular septal defect with a straight patch; after
transection and shortening of the ascending
aorta and transfer of the pulmonary artery
bifurcation anterior to the aorta (Lecompte
maneuver), the right ventricle-to-pulmonary
artery continuity is obtained with reimplanta
tion of the transected pulmonary artery di
rectly on the right ventricle for its posterior
wall, while the anterior aspect is connected
to the rest of the right ventriculotomy with a
monocusp pericardial patch.

Arterial switch operation: the crucial point
is the surgical approach for closure of the
ventricular septal defect. The possibilities
are through right atriotomy (ideal for peri
membranous and inlet defects), through the
aortic valve (neopulmonary valve) after re
section of the aortic buttons with the ori
fices of the coronary arteries (ideal for outlet
types of subaortic defects), or through the
pulmonary valve (neoaortic valve) (ideal for
subpulmonary type of defects). The rest of
the procedure is like that for the conven
tional arterial switch (see chapter "Transpo 
sition of the great arteries").

Since the most frequent complications
after arterial switch for Taussig-Bing type of

double outlet right ventricle are residual or
recurrent right ventricular outflow tract ob
struction and residual or recurrent neoaortic
valve regurgitation, the following technical
steps are important to follow:
• avoid pulmonary artery banding and per

form whenever possible a one-stage repair;
• prepare the pulmonary arteries with very

extended mobilization, including the pul
monary artery branches;

• perform a radical muscle resection in the
presence of hypertrophic infundibular sep
tum;

• avoid closure of the ventricular septal de
fect through the aortic valve;

• always perform the Lecompte maneuver;
• reduce the distortion of the neoaortic valve

during coronary arteries transfer, either
using the trap-door or punch technique;

• avoid a discrepancy between the size of the
neoaortic root and the ascending aorta;

• use fresh autologous pericardial patch(es)
for neopulmonary artery reconstruction.

An alternative surgical technique is the
Nikaidoh aortic translocation, where the aor
tic root, including aortic valve and coronary
arteries is isolated from the right ventricle,
the pulmonary artery is transected and the
area between the ventricular septal defect
and the proximal stump of the transected
pulmonary artery is widely incised; the left
ventricle is connected to the aorta with a
patch roofing the opened ventricular septal
defect, while the right ventricle is connected
to the transected pulmonary artery like in
the Lecompte procedure.

In the Taussig-Bing type of double outlet
right ventricle with aortic arch obstruction,
a surgical technique recently proposed (Dr.
Sano) consists of the transection of the great
arteries, ductus arteriosus, descending tho
racic aorta, and aortic arch with aortotomy
incision from the aortic arch to the distal as
cending aorta, followed by creation of an
aortopulmonary window, anastomosis of the
descending thoracic aorta to the posterior
wall of the aortic arch, anastomosis of the
neoaorta to the aortic arch with rerouting of



the coronary artery (without need for coro
nary arteries reimplantation), and recon
struction of the neo-right ventricular out
flow tract after the Lecompte maneuver.

• Univentricular type of repair: in the pres
ence of complicated intracardiac anatomy like
the presence of inlet type of noncommitted
ventricular septal defect with straddling tri
cuspid valve, common atrioventricular valve,
or hypoplasia of the right ventricular cham
ber, the biventricular is either not feasible or
is associated with too high of a risk. In these
patients the univentricular type of repair is
the preferred surgical option. In these cases,
the first step is a bidirectional Glenn, followed
by the modified Fontan procedure (see chap
ter "Single ventricle"), preceded or not by pul
monary artery banding, depending upon the
presence or absence of obstruction to the pul
monary blood flow.

I Potential complications

• Intraventricular repair: potential complica
tions after intraventricular repair include re
sidual or recurrent ventricular septal defect,
residual or recurrent right and/or left ventri
cular outflow tract obstruction, arrhythmias,
complete atrioventricular block, atrioventri
cular valve regurgitation.

Arterial switch operation: the most fre
quent complications are residual or recurrent
right ventricular outflow tract obstruction,
and residual or recurrent neoaortic valve re
gurgitation.

I Univentricular type of repair: see chapter
"Single ventricle".
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CHAPTER 2.12 Double discordance

I Incidence

Double discordance (atrioventricular and
ventriculo-arterial discordance), otherwise
called "congenitally corrected transposition
of the great arteries", is the 17th most com
mon congenital heart defect (0.5-1.4% of all
congenital heart defects).

I Morphology

In this fascinating cardiac malformation the
morphological left atrium (= pulmonary ve
nous atrium) is connected via a tricuspid
valve with the morphological right ventricle,
from which the aorta originates, while the
morphological right atrium (= systemic ve
nous atrium) is connected via a mitral valve
with the morphological left ventricle, from
which originates the pulmonary artery (Figs.
2.12.1-2.12.4). Therefore two discordant con
nections, atrioventricular and ventriculoarter
ial (= double discordance), occur in sequence
on each side of the heart. The classical defini
tion of "congenitally corrected transposition
of the great arteries" derived from the obser
vation that the effects of transposition of the
great arteries are "corrected" by the congeni
tal inversion of the two ventricles, with the two
circulatory pathways "physiologically" in se
ries, despite the anatomic derangements.

The four chambers of the heart have dis
tinct features, which identify them regard
less of their actual connection or spatial lo
cation. Therefore, even if a ventricle is lo
cated on the right side, it can be identified
as a morphologic left ventricle.

The right atrial appendage is identified by
the broad triangular shape as opposed to the
narrow fingerlike left atrial appendage. The
right ventricle is identified by the presence
of the moderator band, muscle tissue that tra
verses the ventricle horizontally near the apex;
the tricuspid valve, always connected to the
right ventricle, has multiple papillary muscle
attachments to the septum (while the mitral
valve has none) , and it is separated from the

Fig.2.12.1. Double discordance: morphology. External ap
pearance of a heart with atrioventricular and ventricular dis
cordance (Ao aorta, LA left atrium, LV left ventricle, PA pul
monary artery, RA right atrium, RV right ventricle) (photo
graph courtesy of Dr. Marino

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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Fig. 2.12.2. Double discordance: morphology. Appearance of
a heart with atrioventricular discordance with a large ventri
cular septal defect (white arrow) (LV left ventricle, MV mitral
valve, RA right atrium) (photograph courtesy of Dr. Marino)

semilunar (generally the pulmonary, but in
these hearts the aortic) valve by a muscular
band called crista supraventricularis or conus,
creating a well-defined right ventricular in
fundibulum. The mitral valve, always con
nected to the left ventricle, is in fibrous conti
nuity with the semilunar (generally the aortic,
but in these hearts the pulmonary) valve.

In these hearts an atrial situs solitus or
inversus can be present, as well as supero-in
ferior disposition of the ventricular cham
bers can occur, with a more or less horizon
tal interventricular septum. Dextrocardia is
present in 25% of the cases.

In hearts with double discordance with at
rial situs solitus, there are two atrioventricu-

Fig. 2.12.3. Double discordance: morphology. Appearance of
a heart with atrioventricular discordance (LV left ventricle,
MV mitral valve, RA right atrium) (photograph courtesy of Dr.
Marino)

lar nodes: the first is in normal position, at
the apex of the triangle of Koch in front of
the orifice of the coronary sinus; the second
is located close to the orifice of the right
atrioventricular valve beneath the ostium of
the right auricular appendage. The main im
portant point is that, because of the septal
malalignment, the penetrating bundle of His
generally arises from the second atrioventri
cular node, penetrating across the edge of
the muscular septum to reach the left-sided
right ventricular septal surface.

The coronary arteries originate from the
facing sinuses of the aortic valve, generally
with a mirror-image distribution, following
the appropriate ventricle .



Fig. 2.12.4. Double discordance: morphology. Appearance of
a heart with atrioventricular discordance (LAA left auricular
appendage, LA left auricular atrium, RV right ventricle, TV tri
cupid valve) (photograph courtesy of Dr. Marino)

I Associated anomalies

In double discordance, probably fewer than
1% of individuals have no associated malfor
mations.

The most frequent and most important as
sociated lesions are ventricular septal defect
(up to 80% of cases), tricuspid valve anoma
lies, corresponding to abnormalities of the
systemic atrioventricular valve (in up to 60%
of cases), pulmonary stenosis or atresia (30
50%), dextrocardia (25% ) and complete at
rioventricular block (12-33% of cases).

The ventricular septal defect is most fre
quently perimernbranous, in the subpulmo
nary position, generally unrestrictive be
cause of the malalignment between the atrial
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and ventricular septa. In 10% of cases, more
frequently in Asian patients, the ventricular
septal defect is subarterial and in proximity
of both semilunar valves.

Obstruction to the outflow tract of the
morphologically left ventricle (= pulmonary
stenosis) is uncommon as an isolated asso
ciated lesion, because it almost always is as
sociated with a ventricular septal defect; the
obstruction can be valvular andlor subvalvu
lar (more frequently) and fixed andlor dy
namic (more frequently) and can be caused
by muscular tissue (wedging of the subpul
monary outflow tract between the infundib
ular septum and the free ventricular wall)
due to the oblique orientation of the long
axis of the pulmonary outflow tract from
the right-sided left ventricle, by aneurysmal
bulging of fibrous tissue derived from the
membranous septum, by fibrous tissue tags
derived either from the atrioventricular valve
or from a thickened and fused pulmonary
valve, occasionally bicuspid.

Tricuspid valve (is the valve functioning
as the systemic atrioventricular valve)
anomalies, very frequent (up to 90% of cases
in autopsy series), include dysplasia with or
without displacement of the septal and pos
terior leaflets (= Ebstein-like malformation),
straddling or overriding an inlet muscular
ventricular septal defect. Mitral valve
anomalies are also quite frequent (up to
55% of cases). Straddling of an atrioventri
cular valve can be associated with the hypo
plasia of the ipsilateral ventricle.

Complete atrioventricular block is quite
peculiar in this malformation, being re
ported in already 10% of newborns and with
a constant progression in the natural history
of the disease, with 2% of patients per year
affect after establishment of the diagnosis of
double discordance. Additional rhythm
disturbances have been reported: Wolff-Par
kinson-White syndrome, supraventricular
tachycardia, atrial flutter and fibrillation.

Coronary artery anomalies potentially
complicating anatomical repair have been re
ported in 45% of patients, including single
coronary artery orifice (the most frequent
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coronary artery anomaly, mostly originating
from the right-facing sinus, but reported
also from the non-facing sinus), left anterior
coronary artery originating from the right
coronary artery, and eccentric coronary ori
fices. Hypoplasia of one of the two ventricles
generally occurs in the presence of a strad
dling atrioventricular valve (ipsilateral to the
hypoplastic ventricle).

Less frequently have been reported situs
inversus (with mirror-image relation), supra
valvular left atrial ring, atrial septal defect,
complete atrioventricular septal defect,
straddling mitral valve, double outlet right
ventricle, discrete subvalvular or valvular
aortic stenosis, patent ductus arteriosus, aor
tic coarctation, aortic arch interruption, aor
tic atresia, pulmonary atresia with intact
ventricular septum, coarctation of the left
pulmonary artery.

By definition these hearts cannot present
with ambiguous atrial situs (left or right at
rial isomerism).

The isolated atrioventricular discordance,
without ventriculoarterial discordance (also
called isolated ventricular inversion), has
rarely been observed, generally with asso
ciated ventricular septal defect.

I Pathophysiology

The two discordant connections occur in a
sequence ensuring that the blood flow con
tinues in its usual physiologic pathway, with
the oxygenated blood coming from the left
atrium which reaches the aorta after passing
through the right ventricle, and the desatu
rated blood coming from the right atrium
which reaches the pulmonary artery after
passing through the left ventricle. As a con
sequence, the oxygen saturations in the heart
chambers and in the great arteries are nor
mal, even if the blood flows through the
wrong atrioventricular valves and ventricles .

Patients with double discordance generally
came to observation as a result of the pres
ence, type and severity of the associated le
sions. According with the associated lesions

patients can present with cyanosis (patients
with pulmonary stenosis or atresia), heart
failure (patients with ventricular septal defect
without pulmonary stenosis or atresia and/or
with tricuspid valve regurgitation corre
sponding to regurgitation of the systemic at
rioventricular valve), a combination of cyano
sis and heart failure, or bradycardia due to the
congenital complete atrioventricular block.

I Diagnosis

• Clinical pattern: patients with isolated dou
ble discordance may remain asymptomatic
through adulthood; rhythm disturbances
and tricuspid valve regurgitation are more
frequent after the third or fourth decades of
life; congestive heart failure, due to impaired
right (systemic) ventricular function, devel
ops in the majority (66%) of patients older
than 50 years; most patients with associated
lesions present in infancy with a murmur or
heart failure; older children may present
with growth failure and exercise intolerance;
bradycardia subsequent to complete atrio
ventricular block can occur at any age, with
or without heart failure; cyanosis is present
only in patients with ventricular septal de
fect and severe pulmonary stenosis or atre
sia; tracheal compression has been reported
in the presence of a descending thoracic aor
ta located on the contralateral side of the as
cending aorta.

Electrocardiogram: it may provide the most
significant clue of this malformation; pres
ence of Q waves in the right precordial leads
with absent Q waves over the left precordial
leads, in the absence of the criteria for right
ventricular hypertrophy; congenital or devel
oping complete atrioventricular block is also
suggestive of double discordance.

I Chest X-ray: the anteroposterior chest X-ray
shows the characteristic features, including the
convex prominence of the upper left heart bor
der with simultaneous mild convexity in the
anticipated position of the main pulmonary



artery, due to the side-by-side arrangement of
the great arteries, with the levo-positioned as
cending aorta originating from the left-sided
morphological right ventricle (= ascending
aortic shadow); cardiomegaly is present in
the presence of large ventricular septal defect
and/or severe tricuspid valve regurgitation.

• Echocardiogram: (Figs. 2.12.5-2.12.12) the
subcostal view allows identification of the
interventricular septum, along with the
atrioventricular valves and the interatrial
septum; the recognition of the malalignment
between the atrial and ventricular septum
and the morphology of the two atrioventri
cular valves allows the diagnosis of atrioven
tricular discordance; the subcostal view also
shows the presence of ventricular hypopla
sia, as well as the pulmonary outflow tract;
Doppler echocardiography provides accurate
information about the function of the atrio
ventricular valves and on the presence and
degree of outflow tract obstruction.

• Cardiac catheterization: very rarely re
quired to perform the diagnosis; it is useful
to provide the hemodynamic data , particu
larly in the presence of ventricular septal de-

Fig.2.12.S. Double discordance: echocardiography. The 4
chamber view showing the atrioventricular discordance (LA left
atrium, LV left ventricle, MV mitral valve, RA right atrium,
RV right ventricle, TV tricuspid valve) (photograph courtesy
of Dr. Michael Rigby)
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Fig. 2.12.6. Double discordance: echocardiography. Subcostal
view (a) showing the atrioventricular and ventriculoarterial dis
cordance (LV left ventricle, MV mitral valve, PA pulmonary ar
tery, RA right atrium, RV right ventricle) and b subcostal view
in the same patient confirming the ventriculoarterial discor
dance (Ao aorta) (photographs courtesy of Dr. Michael Rigby)

feet (Fig. 2.12.13), and to confirm the origin
and distribution of the coronary arteries; it
carries a substantial risk of inducing a com
plete atrioventricular block during the pro
cedure because the atrioventricular bundle is
located on the left ventricular side of the
septum, and the morphological left ventricle
is connected with the right atrium.

I Indications for surgical treatment

No surgical treatment is required for the
rare patient without associated anomalies,
since their life expectancy has been reported
to be near normal. The surgical management
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Fig.2.12.7. Double discordance: echocardiography with 4
chamber view showing the atrioventricular discordance and a
large ventricular septal defect (white arrows), with the mod
erator band (white asterisk) identifying the right ventricle
(LA left atrium, LV left ventricle, MV mitral valve, RA right
atrium, RV right ventricle, TV tricuspid valve) (photograph
courtesy of Dr, Michael Rigby)
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Fig.2.12.9. Double discordance: echocardiography with 4
chamber subxiphoid view showing the superoinferior rela
tionship of the two ventricles, with an horizontal interventri
cular septum (black asterisk) and the two atrioventricular
valves in a parallel relationship, in the presence of atrioven
tricular discordance (LA left atrium, LV left ventricle, RA right
atrium, RV right ventricle) (reproduced with permission from
Marino B, Thiene G (1990) Atlante di anatomia ecocardiogra
fica delle cardiopatie congenite, USES, Firenze

Fig. 2.12.8. Double discordance: transesophageal echocardio
graphy showing the atrioventricular discordance (LA left
atrium, LV left ventricle, MV mitral valve, RA right atrium,
RV right ventricle, TV tricuspid valve) (photograph courtesy
of Dr. Pierre-Guy Chassot)

of even simple associated defects, such a
ventricular septal defect or pulmonary ste
nosis, has been reported to be associated
with much higher mortality and morbidity
rates in these patients than in patients with
an otherwise normal heart. From a technical
point of view, the surgical approach to ad
dress the ventricular septal defect or the pul-

Fig. 2.12.10. Double discordance: echocardiography with
right oblique subxiphoid view showing the double atrioven
tricular discordance with ventricular septal defect (white ar
row) and the subpulmonary stenosis (white asterisk) (LV left
ventricle, P pulmonary artery, RA right atrium, RV right ven
tricle) (reproduced with permission from Marino B, Thiene G
(1990) Atlante di anatomia ecocardiografica delle cardiopatie
congenite, USES, Firenze)

monary stenosis is difficult, and the risk of
inducing a complete atrioventricular block is
high. Furthermore, despite technical success,
the above procedures may not result in func
tional improvement.



Fig. 2.12.11. Double discordance: echocardiography with sub
xiphoid view showing the double atrioventricular discordance;
note that with a minimal inclination of the ultrasound probe
compared with Fig. 2.12.10 it is possible to simultaneously vi
sualize the right atrioventricular connection and the left ventri
culoarterial connection (A aorta, LV left ventricle, RA right at
rium, RV right ventricle) (reproduced with permission from
Marino B, Thiene G(1990) Atlante di anatomia ecocardiografica
delle cardiopatie congenite, USES, Firenze)

Fig. 2.12.12. Double discordance: echocardiography with 4
chamber view showing the atrioventricular discordance ina pa
tient with dextrocardia (LA left atrium, LV left ventricle, RA right
atrium, RV right ventricle) (photograph courtesy of Dr. Marino)

I Palliations: the initial surgical approach in
infancy can be a palliative procedure, includ
ing pulmonary artery banding in the pres
ence of a large ventricular septal defect with
pulmonary hypertension, or a modified Bla
lock-Taussig shunt (see chapter "Tetralogy of
Pallet") in the presence of severe cyanosis
due to pulmonary stenosis.
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Fig. 2.12.13. Double discordance: angiography. a Left anterior
oblique projection with contrast injection into the morpholog
ical left ventricle reached retrogradly from the aorta, showing
the ventriculoarterial discordance and a ventricular septal de
fect (white arrow) in a patient with double discordance, bilat
eral superior vena cava and straddling tricuspid valve (AAo as
cending aorta, LV left ventricle, PA pulmonary artery, RV right
ventricle), b anteroposterior projection in the same patient
with contrast injection into the morphological left ventricle
reached retrogradly from the aorta, showing the ventriculoar
terial discordance, the relative hypoplasia of the left ventricle,
and a subpulmonary obstruction (MPA main pulmonary artery,
RPA right pulmonary artery)

Conventional repair: depending on the age
at presentation and of the specific combina
tion of the associated lesions, a conventional
surgical repair of double discordance may
involve tricuspid valve repair or replacement,
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closure of the ventricular septal defect, im
plant of a biological valved conduit between
the left ventricle and the pulmonary artery
and a pacemaker implantation. With the
conventional repair the morphologically
right ventricle remains the systemic ventri
cle, and the morphological right atrioventri
cular valve (tricuspid valve) remains the sys
temic valve.

I Double (= atrial and arterial) switch proce
dure: because of the disappointing medium
and long-term results of the conventional
approach, within the last years the surgical
treatment has been directed toward a repair
where the morphological left ventricle and
the morphological left atrioventricular valve
(mitral valve) are restored to the systemic
circulation.

The following conditions are required for
a double switch procedure:
- absence of major atrioventricular valve

straddling,
- balanced ventricular chambers,
- adequate left ventricular function and

pressure (at least 75% of the systemic
right ventricle), either because of the pres
ence of an unrestrictive ventricular septal
defect or because of a previous pulmonary
artery banding,

- coronary arteries not precluding transfer
and reimplantation.

With the double switch procedure the pa
tients without pulmonary stenosis or atresia
undergo atrial switch (Mustard or Senning
procedure; see chapter "Transposition of the
great arteries") and arterial switch (Jatene
procedure; see chapter "Transposition of the
great arteries"), with closure of ventricular
septal defect when present.

Patients with left ventricular outflow tract
obstruction (= pulmonary stenosis or atre
sia) undergo atrial switch (Mustard or Sen
ning procedure; see chapter "Transposition
of the great arteries"), closure of ventricular
septal defect and implant of an extracardiac
biological valved conduit between the right
ventricle and the pulmonary artery (Rastelli

operation; see chapter "Transposition of the
great arteries") or the direct implantation of
the transected pulmonary artery on the right
ventriculotomy (Lecompte procedure; see
chapter "Transposition of the great ar
teries").

The most difficult patients to treat are the
patients coming to observation later in life,
like adolescents or young adults, with heart
failure due to dysfunctioning of the morpho
logical right ventricle as the systemic ventri
cle, either during their natural history or
after conventional type of repair. In these
cases the double switch needs a previous
period of left ventricular retraining, ob
tained with pulmonary artery banding. Due
to the particular situation of these patients
requiring late left ventricular retraining, left
ventricular hypertrophy and function ade
quate to sustain the systemic circulation for
the long term is very difficult to obtain. A
progressive pulmonary artery banding with
an externally adjustable device (FloWatch-R
PAB) seems to be the most promising tech
nique. In the presence of severe heart failure,
particularly of biventricular failure, heart
transplant has to be taken into considera
tion.

l One and half ventricular repair: while pa
tients with severe hypoplasia of either ven
tricle (frequently with associated straddling
of the ipsilateral atrioventricular valve),
where a biventricular repair is not feasible,
are managed by a univentricular type of re
pair (see chapter "Single ventricle"), in the
presence of a relatively hypoplastic ventricle,
the one and half ventricular repair (end-to
side anastomosis of the superior vena cava
to the right pulmonary artery in addition to
intracardiac repair, in order to reduce the
volume overload of the small/malfunctioning
right ventricle) is the procedure of choice.
The surgical approach of one and half ven
tricular repair in double discordance treated
by the double switch procedure has the ad
vantages of eliminating the risk of superior
vena cava obstruction (present with conven
tional atrial rerouting), leaving more intra-



atrial space available for the pulmonary ve
nous return, volume unloading the right
ventricle made smaller in the case of right
ventricle to pulmonary artery implantation,
reducing the suture lines on the right
atrium, therefore reducing the risk for su
praventricular arrhythmias, reducing the
duration of myocardial ischemia thanks to a
much simplified interatrial baffle (only the
inferior vena cava needs to be baffled to the
tricuspid valve), and reducing the flow
across the right ventricle to pulmonary ar
tery valved conduit.

I Pace-maker implantation: in the presence
of complete atrioventricular block in infants
and children with double discordance there
is indication pacemaker implantation regard
less of the heart rate, for symptoms or heart
failure. In the absence of complete atrioven
tricular block at the end of a reparative pro
cedure, the permanent pacemaker leads are
placed for future utilization.

I Surgical treatment
(on cardiopulmonary bypass)

Ventricular septal defect: in most cases the
ventricular septal defect is perimembranous.
The peculiar position of the atrioventricular
nodes and penetrating bundle of His in
creases the risk of complete atrioventricular
block during closure of the defect, even with
the stitches being applied to the morpholog
ical right side of the defect in order to mini
mize the risk of a lesion to the conduction
tissue . The surgical approach can be from a
right atriotomy (through the right-sided mi
tral valve), an aortotomy (with access to the
left-sided right ventricular aspect of the in
terventricular septum), a right ventriculot
omy when a right ventricle to pulmonary ar
tery is required, or from a low left ventricu
lotomy in convent ional repair, where the
morphological left ventricle remains the sub
pulmonary ventricle.

Potential complications I 165

I Tricuspid valve: tricuspid valve regurgita
tion is generally treated by valve repair with
annuloplasty, particularly with a double
switch type of approach; when the tricuspid
valve remains as the systemic atrioventricular
valve (like in conventional repair), a valve re
placement is more frequently required.

I Pulmonary stenosis: the pulmonary out
flow tract obstruction is treated by implan
tation of an extracardiac biological valved
conduit between the right ventricle and the
pulmonary artery with the double switch
approach, from the apex of the left ventricle
to the pulmonary artery with the conven
tional approach. Rarely, it is possible to di
rectly relieve the obstruction by excision of
fibrous subvalvular tags or a subvalvular fi
brous diaphragm, or by pulmonary valvot
omy in the presence of isolated pulmonary
valve stenosis.

I Potential complications

I Conventional repair: early potential com
plications are arrhythmias, complete atrio
ventricular block, residual ventricular septal
defect, residual tricuspid valve regurgitation
and residual right ventricular outflow tract
obstruction. In the follow-up, a substantial
percentage (up to 67%) of patients treated
with conventional repair develop congestive
heart failure and dysfunction with morpho
logical right ventricular failure; this compli
cation is strongly associated with the pres
ence of regurgitation of the morphological
right atrioventricular valve (tricuspid valve),
and particularly with tricuspid valve repair
or replacement.

I Double (=atrial and arterial) switch proce
dure: myocardial failure with low cardiac
output can occur after such a long and com
plicated type of procedure, particularly in
the presence of previous surgical treat
ment(s). Other potential complications are
the occurrence of complete atrioventricular
block, residual or recurrent systemic and/or
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pulmonary venous obstructions (because of
the atrial rerouting), residual or recurrent
atrial septal defect, residual or recurrent
tricuspid valve regurgitation, residual or re
current ventricular septal defect, residual or
recurrent left or right ventricular outflow
tract obstruction.
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CHAPTER 2.13 Straddling
atrioventricular valve

I Incidence

A straddling atrioventricular valve has been
recognized in 0.4 to 0.7% of children with
congenital heart defects.

I Morphology

Straddling atrioventricular valves are defined
as valves with chordal attachments into a
contralateral ventricle (= the tension appara
tus of the atrioventricular valve has biventri
cular insertions, or it is attached to both
sides of the interventricular septum), and
they have been classified into three types:
• type A: chordal insertion into the contral

ateral ventricle near the edge of the ven
tricular septum,

• type B: chordal insertion along the con
tralateral ventricular septum,

• type C: chordal insertion into the free wall
and/or the papillary muscles of the con
tralateral ventricle.

Straddling of an atrioventricular valve
must be differentiated by overriding of the
atrioventricular valve annulus (Fig. 2.13.1),
defined as commitment of a valve annulus to
the contralateral ventricle (= the atrioventri
cular valve annulus is connected to ventri
cles on both sides of a septal structure), and
classified into three types:
• minor: less than 50% of the atrioventricu

lar annulus committed to the contralateral
ventricle,

• major: about 50% of the atrioventricular
annulus committed to each ventricle,

Right straddling Overriding Left straddling

Fig. 2.13.1. Straddling atrioventricular valve: morphology.
Schematic drawing showing the difference between straddling

and overriding atrioventricular valve (photograph courtesy of
Dr. Pierre-Guy Chassot)
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I double inlet ventricle: more than 50% of
both atrioventricular valves committed to
a single ventricular chamber.

By inference, both straddling and overrid
ing of an atrioventricular valve implies the
presence of a ventricular septal defect, gen
erally a posterior defect of the inlet septum
with straddling or overriding of the tricus
pid valve, and an anterior defect of the out
let septum with straddling or overriding of
the mitral valve. Straddling and overriding
of an atrioventricular valve my coexist in the
same heart, and straddling of the tricuspid
valve is more frequent than straddling of the
mitral valve. Because of the malalignment of
the atrial septum and ventricular septum
typically present with a straddling atrioven
tricular valve, anomalous positions of the
conduction tissue are very frequent.

I Straddling tricuspid valve (Fig. 2.13.2): the
central feature of hearts with straddling and
overriding of the tricuspid orifice is that they
are intermediate between normal hearts with
a concordant atrioventricular connection
and those with double inlet left ventricle
and right-sided rudimentary right ventricle.
The disposition of the conduction tissues re
flects this intermediate status, since the atrio
ventricular node is formed at the point at
which the ventricular septum, overridden by
the abnormal tricuspid orifice, makes contact
with the atrioventricular junction. According
to the degree of override, the node can be
formed at any point around the tricuspid or
ifice. This arrangement is well accounted for
on the basis of partial expansion of the right
atrioventricular orifice across the primary
ventricular septum. Hearts with such partial
expansion represent an intermediate stage be
tween the normal heart and hearts with dou
ble inlet left ventricle.

The presence of a straddling tricuspid valve
is accompanied by marked malalignment of
the ventricles relative to the atria, with the an
gle between the ventricular septum and the at
rial septum in the short-axis projection aver
aging 60 degrees (the normal ventriculoatrial

Fig. 2.13.2. Straddling tricuspid valve: morphology. Heart
with double outlet right ventricle, ventricular septal defect
(white arrow) and straddling tricuspid valve (RV right ventri
cle, TV tricuspid valve) (photograph courtesy of Dr. Bruno
Marino)

septal angle averaging 5 degrees), and the
right ventricular sinus (=inflow tract) is sig
nificantly smaller than the left.

The nonstraddling part of the tricuspid
valve opens into the small right ventricle,
while the straddling part of the tricuspid
part opens into the larger left ventricle.

I Straddling mitral valve (Fig. 2.13.3): wide
varying anatomy is associated with the pres
ence of straddling of the mitral valve, how
ever, with relatively uniform morphologic
features distinguished on the basis of the
segmental analysis: cardiac malposition as
sociated with hypoplasia of the morphologi
cal right ventricle, superoinferior ventricles
and criss-cross atrioventricular relations.



Fig. 2.13.3. Straddling mitral valve: morphology. Heart with
straddling of the mitral valve (MV mitral valve) (photograph
courtesy of Dr. Bruno Marino)

The presence of a straddling mitral valve
is accompanied by severely marked mal
alignment of the ventricles relative to the
atria, with the angle between the ventricular
septum and the atrial septum in the short
axis projection averaging 150 degrees (the
normal ventriculoatrial septal angle aver
aging 5 degrees), with hypoplasia of the
right ventricular sinus (= inflow tract) with
tricuspid valve stenosis or hypoplasia.

I Associated anomalies

Ventricular septal defect (usually of inlet
type) is present in 80% of cases, double out
let right ventricle in 30-40% of cases, com
plete transposition of the great arteries
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(25%), double discordance (= congenitally
corrected transposition of the great arteries)
(20%), Taussig-Bing anomaly, mitral stenosis
(in 25% of cases with straddling tricuspid
valve), tricuspid stenosis or hypoplasia in
cases with straddling mitral valve, right (or
left respectively) ventricular outflow tract
obstruction, tetralogy of Fallot, superoinfer
ior ventricles with criss-cross atrioventricu
lar relations, dextrocardia.

I Pathophysiology

Straddling of an atrioventricular valve re
sults in maldevelopment of the ipsilateral
ventricle by directing blood flow away from
the ipsilateral ventricle and towards the con
tralateral ventricle; in the presence of severe
hypoplasia of a ventricular chamber, the sin
gle ventricle physiology is the consequence.
A straddling atrioventricular valve, generally
competent, can also contribute to creating
an obstruction to the contralateral ventricu
lar outflow tract, because of the anomalous
valve insertions.

I Diagnosis

• Clinical pattern: the clinical presentation
depends upon the associated anomalies, and
it varies from congestive heart failure to cya
nosis, to a combination of the two.

• Electrocardiogram: not diagnostic, is basi
cally correlated with the ventricular mor
phology.

• Chest X-ray: variable according to the
pathophysiologic pattern.

Echocardiogram: until recently cross sec
tional echocardiography was the technique
to provide unique information necessary for
planning the rationale for the best type of
surgical approach; nowadays the three-di
mensional echocardiography provides diag
nostic information superior to standard
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Fig. 2.13.4. Echocardiography: a straddling of the right
atrioventricular valve (white arrow) in a patient with double
outlet right ventricle, b Doppler echocardiography of the
same patient showing the straddling of the right atrioventri
cular valve (white arrow) in a patient with double outlet
right ventricle (LA left atrium, LV left ventricle, RA right
atrium, RV right ventricle)

cross sectional techniques, particularly be
cause it allows for exact measurement of the
volumes of the respective ventricles; the
short-axis subcostal view is the best projec
tion to evaluate presence and degree of
straddling of the atrioventricular valves
(Fig. 2.13.4).

I Cardiac catheterization: is indicated to pre
cisely define the associated cardiac anoma
lies and to provide information on the he
modynamic pattern.

I Indications for surgical treatment

Several surgical techniques have been uti
lized to perform a biventricular repair in the
presence of a straddling atrioventricular
valve, all aiming at preserving a normal
valve functioning, including:
• baffle or slit of the prosthetic patch used

for closure of the ventricular septal defect
allowing the maintenance of the strad
dling atrioventricular valve in its normal
position,

• retraction of the anomalous chordae in
the ipsilateral ventricle, with attachment
of the ventricular septal defect patch to
the retracted tension apparatus,

• detachment of the anomalous valve inser
tion and reattachment to the ipsilateral
side of the patch used to close the ventri
cular septal defect.

The presence of a straddling tricuspid
valve can complicate the conventional intra
ventricular repair or can preclude it, there
fore representing a potential contraindica
tion to the biventricular repair, particularly
in the presence of hypoplasia of the right
ventricle with ventricular septal defect and
one of the following:
• atrioventricular discordance,
• atrioventricular septal defect with left ven

tricular outflow tract obstruction,
• ventriculoarterial discordance (either

transposition of the great arteries or dou
ble outlet right ventricle),

• pulmonary stenosis or atresia.

Of course the above difficult situations
can be managed with increasing experience
and expertise, allowing for a conventional
biventricular repair.

l One and half ventricular repair: in patients
with reduced size of the morphologically
right ventricle, a one-and-half ventricular re
pair is performed, with end-to-side anasto
mosis of the superior vena cava to the right
pulmonary artery (= bidirectional Glenn) in
addition to the intracardiac repair, in order



to reduce the volume overload of the hypo
plastic right ventricle, inadequate to sustain
the entire pulmonary circulation.

I Univentricular repair: in patients with se
vere straddling tricuspid valve in the pres
ence of hypoplasia of the morphologically
right ventricle, atrioventricular or ventricu
loarterial discordance and pulmonary steno
sis or atresia, a univentricular type of repair
(total cavopulmonary connection =modified
Fontan procedure; see chapter "Single ventri
cle") should be considered, balancing the
high short and intermediate term risks of a
complex biventricular repair with the poten
tial long term disadvantages of a single ven
tricle approach.

The presence of straddling tricuspid valve
with curtain-like type of morphology is also
considered an indication for univentricular
type of repair, because of the very poor re
sults obtained with biventricular repair. In
addition, the presence of straddling of the
mitral valve, because of the frequent associa
tion of hypoplasia of the left ventricle, par
ticularly with ventriculoarterial discordance,
is considered as an indication for univentri
cular repair.

I Surgical treatment
(on cardiopulmonary bypass)

When closure of a ventricular septal defect
is required as part of a biventricular type of
repair, either with ventriculoarterial concor
dance (isolated ventricular septal defect) as
well as with ventriculoarterial discordance
(double outlet right ventricle or transposi
tion of the great arteries), the presence of
straddling of the tricuspid valve demand
special surgical techniques to close the de
fect without interfering with the valve func
tion.

In isolated tricuspid valve straddling of
types A and B, the prosthetic (PTFE, Da
cron, Teflon) patch used to close the ventri
cular septal defect is adjusted on the right
ventricular side above the straddled chordae
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and/or papillary muscle. In isolated tricus
pid valve straddling of type C, the prosthetic
patch is sewn over the papillary muscle by
applying it on the interventricular septum.

In the presence of double (mitral and
tricuspid) straddling, the interventricular
septum is incised between the two papillary
muscles, and an ellipsoid-shape prosthetic
patch is utilized to close the ventricular sep
tal defect, rerouting each subvalvular appa
ratus into its respective ventricular chamber.

In the presence of abnormal insertion of
chordae in the left ventricular outflow tract
inserted on the aortic conus (or pulmonary
conus with associated ventriculoarterial dis
cordance), the conus can be incised and tai
lored to create a flap, obtaining an unob
structed left ventricular outflow tract.

When required, the subvalvular apparatus
can be resected and then reattached to the
prosthetic patch used to close the ventricular
septal defect.

I Potential complications

Residual or recurrent atrioventricular valve
dysfunction can follow any attempt at biven
tricular type of repair with patch closure of
the ventricular septal defect and surgical
handling of the straddling valve. Residual or
recurrent ventricular septal defect, arrhyth
mias, complete atrioventricular block, right
or left ventricular outflow tract obstruction
are possible after biventricular repair.
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CHAPTER 2.14 Isomerism

I Incidence

The incidence is reported between 0.1 and
0.4% of congenital heart defects. A tendency
for right isomerism to affect males, and for
left isomerism to affect females has been re
ported.

I Morphology

In patients with incomplete lateralization of
thoracic and visceral organs, the atrial ap
pendages are also not lateralized, and in the
vast majority of these patients both atrial
appendages present with similar internal
and external morphology, characteristic of
either the right or the left atrial appendage.
Atrial isomerism is the designation for these
hearts with bilaterally right atrial appen
dages (Fig.2.14.1) or bilaterally left atrial
appendages (Fig. 2.14.2).

Anomalous systemic venous connections
are generally associated with atrial isomerism,
and understanding isomerism is important in
sorting out the various lesions involved.

These so-called heterotaxic syndromes are
characterized by failure of many "right-left"
differentiations, leading to ambiguity in the
visceroatrial situs, along with anomalies of
systemic and/or pulmonary venous connec 
tions .

In patients with left atrial isomerism the
infra-hepatic portion of the inferior vena
cava is frequently (75% of the cases) absent
(= inferior vena cava interruption), and the
venous return from the lower part of the
body reaches the superior vena cava via the

azygos vein (= azygos continuation) or via
the hemiazygos vein (= hemiazygos conti
nuation) emptying into either a right-sided
superior vena cava or into a persistent left
superior vena cava. Inferior vena cava inter
ruption has never been observed in right
atrial isomerism.

In patients with right atrial isomerism the
right and left hepatic veins may enter the ip
silateral sides of the common atrium, re
maining separate from the connection of the
inferior vena cava.

Persistent left superior vena cava is pre
sent in 50% of patients with right atrial iso
merism and in 70% of patients with left
atrial isomerism, and in both situations, par
ticularly in right atrial isomerism, it can be
connected to the upper left side of the left
atrium instead of the coronary sinus.

The coronary sinus orifice can often be
absent, more frequently in right atrial iso
merism than in left atrial isomerism.

Abnormalities of the pulmonary veins are
also common in both left and right atrial
isomerism; total anomalous pulmonary ve
nous connection to the superior or inferior
vena cava is more frequent in right atrial
isomerism (in 40% of these patients with ob
struction to the pulmonary venous return),
whereas anomalous pulmonary venous con
nection into the same side of the atrium as
the systemic venous drainage is more fre
quent in left atrial isomerism (generally un
obstructed).

The atrial septum and ventricular septum
are very rarely normal in patients with atrial
isomerism; common atrium is present in
about 50% of the cases, atrioventricular sep-

A. F. Corno, Congenital Heart Defects
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Fig. 2.14.1. Atrial isomerism: morphology. a, b External view,
with both auricular appendages are blunt and both join in the
atrial chamber along a broad front, c internal view ofthe atrial
chambers, showing both atria with a well-formed terminal
crest; the pectinate muscles encircle the atrioventricular junc
tion, occupying the entire lateral wall of the right and left
sided chambers (reproduced with permission from Rossi G, Cor
noAF, Montemurro G(1992) Prenatal diagnosis ofisomerism of
the right atrial appendages. Cardiol Young 2:298-301)

tal defect in about 80% of cases, with most
patients having a common atrioventricular
orifice, and various types of ventricular sep
tal defect can be present, in the vast major
ity of cases of atrioventricular type.

Frequently there is outflow obstruction to
pulmonary arterial blood flow at the valvu
lar and/or subvalvular level. Pulmonary atre
sia is slightly more common with right atrial
isomerism, whereas pulmonary stenosis is
more common in left atrial isomerism.

Ventriculoarterial discordance is very fre
quent (75-90% of cases), in one third of pa
tients with double outlet right ventricle.

Fig. 2.14.2. Atrial isomerism: morphology. Intraoperative
photograph in a patient with left atrial isomerism, interruption
of the inferior vena cava with azygos continuation, two mor
phological left auricular appendages, common atrioventricular
valve, single ventricle, anterior aorta, pulmonary stenosis. The
auricular appendage on the right side (RAA) has an evident
morphology of left type, as well as the one on the left side,
shown with the forceps (Ao aorta, LAA left auricular appen
dage, RAA right auricular appendage, SV single ventricle)

Pulmonary artery anomalies are not rare,
particularly when there is pulmonary atresia
with the ductus arteriosus as the only source
of pulmonary blood flow. After closure of
the ductus arteriosus, a "coarctation" com
monly develops at the origin of the left pul
monary artery, just at the insertion of the
ductus arteriosus.

The branching pattern of the pulmonary
arteries generally assumes one of two forms,
depending on whether left or right atrial iso
merism is present. In right atrial isomerism
both right and left pulmonary arteries tend
to look like a normal right pulmonary artery



(=two right pulmonary arteries), with the
bronchus for the upper lobe being above the
first segmental artery for the right upper
lobe (epiarterial bronchus). In contrast, in
left atrial isomerism the bronchus is below
the pulmonary artery at the hilum (hypoar
terial bronchus), as is the case for a normal
left pulmonary artery (= two left pulmonary
arteries) .

Right atrial isomerism is generally charac 
terized by the presence of bilateral sinus
nodes, one in each atrium; two atrioventri
cular nodes may also be present. In left
atrial isomerism there is absence of sinus
node in the majority of patients, while less
frequently the sinus node is in an anoma
lous position and usually hypoplasic . Atrial
isomerism generally corresponds to thoracic
isomerism; therefore, in right atrial isomer
ism both lungs tend to be trilobed (= two
right lungs), whereas in left atrial isomerism
both lungs tend to be bilobed (= two left
lungs). Finally, asplenia is more commonly
present in right atrial isomerism, whereas
polysplenia is more frequently associated
with left atrial isomerism. These features
have contributed to the general rule (with
several exceptions) that patients with right
atrial isomerism tend to have bilateral
"right-sidedness" (asplenia), whereas those
with left atrial isomerism tend to have bilat
eral "left-sidedness" (polysplenia) .

Because of the extreme morphological
variability within the cases with atrial isomer
ism, the term "heterotaxy" has been suggested
to define the presence of any of the numerous
possible anomalies of lateralization.

I Associated anomalies

I Left isomerism: polysplenia, anomalous
systemic and/or pulmonary venous connec
tions are very frequent, with interruption of
the inferior vena cava and azygos continua
tion as the most frequent (56-92% of cases),
followed by anomalous pulmonary venous
connection (56%) that in a certain percent
age of patients is potentially obstructive,
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common atrioventricular valve (46-49%),
common atrium (38%), cor triatriatum
(30%), pulmonary atresia or stenosis (28%),
aortic coarctation (16%), congenital atrio 
ventricular block (7%). Polysplenia is fre
quently accompanied by extrahepatic biliary
atresia.

I Right isomerism: asplenia, valvular and
subvalvular pulmonary stenosis or pulmo
nary atresia are predominant (89% of cases),
followed by discordant ventriculoarterial
connection (72-75%) either because of the
presence of transposition of the great ar
teries or double outlet right ventricle, atrio 
ventricular septal defect (72%) with or
without a common atrium, single ventricle
(55%), extracardiac total anomalous pulmo
nary venous connection (50%), persistent
left superior vena cava, bilateral right auri
cular appendages (20%) . Asplenia contrib
utes to render the patient more susceptible
to infections.

I Pathophysiology

The pathophysiological pattern totally de
pends upon the combination of intracardiac
defects, particularly by the presence and de
gree of reduction of the pulmonary blood
flow, right-to-left intracardiac shunt, atrio
ventricular valve regurgitation, and obstruc
tion to the systemic outflow.

The impact of asplenia goes beyond the
associated congenital heart defects, with the
obvious implications related to blood infec
tion and sepsis.

I Diagnosis

I Clinical pattern: cyanosis is present in the
vast majority (96%) of patients, generally
from the first month of life; congestive heart
failure with or without cyanosis is also very
frequent; cell blood count reveals the pres
ence of Howell-Jolly bodies, inclusions in the
erythrocytes, in the presence of asplenia.
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• Electrocardiogram: abnormal P wave axis,
left-ward and superior, is present in 50-75%
of patients with left atrial isomerism; nega
tive P waves in leads II, III, and aVF (so
called coronary sinus rhythm); abnormalities
of the conduction system, including com
plete atrioventricular block (10% of cases
with left atrial isomerism), sick sinus syn
drome and supraventricular tachycardia, are
more frequent in left than in right isomer
ism.

I Chest X-ray: anteroposterior view deter
mines the thoracic situs, the cardiac size
and location (to show dextrocardia), the
bronchial anatomy (to show left or right
bronchi) and the abdominal status (to show
situs viscerum inversus); lateral view allows
definition of right isomerism, when each
pulmonary artery is anterior to the respec
tive bronchus, or left isomerism, when each
pulmonary artery is superior and posterior
to the respective bronchus; typical is the ap
pearance of a symmetrical liver on the chest
and abdominal X-ray, and a discordant posi
tion between the cardiac apex and gastric
air bubble; the absence of the inferior vena
cava shadow on the lateral projection may
suggest azygos continuation of the inferior
vena cava.

Echocardiogram: echocardiography can
show the anomalous positional and spatial
relationship between the inferior vena cava
and the abdominal aorta (Fig. 2.14.3), both
on the same side of the spine in patients
with asplenia (Fig. 2.14.4); a different rela
tionship exists in patients with polysplenia
(Fig. 2.14.5); at the level of the diaphragm a
mirror image of the normal situation (inferi
or vena cava to the right and slightly ante
rior to the descending aorta) exists in pa
tients with situs inversus (Fig. 2.14.6); direct
imaging of the morphology of the atrial ap
pendages is feasible, as well as of the mode
of connection of the hepatic veins to the
atria; absence of intrahepatic portion of the
inferior vena cava is associated with azygos
continuation in left isomerism; once pres-

Fig.2.14.3. Atrial isomerism: echocardiography. a Prenatal
echocardiography at 27 weeks of gestation, showing a com
mon atrium connected through a common atrioventricular
valve to a ventricle of right morphology (a), giving origin to
both the great arteries with the aorta anterior to the pulmo
nary artery and subpulmonary obstruction (b); the short-axis
view shows that the inferior vena cava and the abdominal
aorta are on the same side of the spine, with the vein ante
rior and to the left of the artery (c and d), arrangement
consistent with right isomerism, b neonatal echocardiography
of the same subject as in a, with short-axis view confirming
the prenatal echocardiographic diagnosis (reproduced with
permission from: Rossi G, Como AF, Montemurro G (1992)
Prenatal diagnosis of isomerism of the right atrial appen
dages. Cardiol Young 2:298-301)



Fig. 2.14.4. Atrial isomerism: echocardiography. a Subcostal
horizontal section showing the relationship between spine
with aorta and inferior vena cava in a neonate with right
isomerism (Ao aorta, IVC inferior vena cava), b subcostal sag
ittal section showing the relationship between aorta and in
ferior vena cava in a neonate with right isomerism, c trans
esophageal echocardiography showing the right atrial isomer
ism in a neonate with double inlet right ventricle (RA right
atrium, RAA right auricular appendage) (photographs cour
tesy of Dr. Michael Rigby)
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Fig.2.14.S. Atrial isomerism: Echocardiography. a Subcostal
horizontal section showing the relationship between the spine
with anaorta and inferior vena cava in a neonate with left iso
merism, interruption ofthe inferior vena cava and azygos con
tinuation (Ao aorta, AzVazygos vein), b subcostal sagittal section
showing the relationship between the aorta and inferior vena
cava in a neonate with leftisomerism, interruption oftheinferior
vena cava and azygos continuation, c showing the atrial ar
rangement in a neonate with left atrial isomerism and complete
atrioventricular septal defect (lVS interventricular septum, LA left
atrium, LAA left auricular appendage, LV left ventricle, RV right
ventricle) (photographs courtesy of Dr. Michael Rigby)
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Fig. 2.14.6. Atrial isomerism: echocardiography. a Subcostal
horizontal section showing the relationship between the
spine with an aorta and inferior vena cava in a neonate with
situs invetsus, b subcostal sagittal section showing the left
sided position of the inferior vena cava in a neonate with si
tus inversus (lVC inferior vena cava, RA right atrium) (photo
graphs courtesy of Dr. Michael Rigby)

ence and type of isomerism have been con
firmed, echocardiography will show the as
sociated intracardiac defects.

I Cardiac catheterization: particularly impor
tant to study the systemic and pulmonary ve
nous connections (Figs. 2.14.7-2.14.10), when
this information is not provided in a reliable
way by echocardiography; useful also to rule
out obstructions to the pulmonary venous re
turn and increased pulmonary vascular resis
tance.

Fig. 2.14.7. Atrial isomerism: angiography. a Lateral view in
jection in the azygos continuation, with opacification of the
superior vena cava and of the right auricular appendage,
with evident morphology of the left type (AV azygos vein,
RAA right auricular appendage, SVC superior vena cava),
b anteroposterior view: injection in the single ventricle, with
opacification of the anterior aorta and of the two pulmonary
arteries, both with morphology of the left type, and stenotic



Fig. 2.14.8. Atrial isomerism: angiography. Anteroposterior
view with contrast injection showing the persistent left supe
rior vena cava draining into the left atrium (HV hemiazygos
vein, LA left atrium, LAA left auricular appendage, PL5VC per
sistent left superior vena cava)

I Indications for surgical treatment

Without treatment the congenital heart de
fects associated with isomerism are accom
panied by a mortality between 50 and 95%
in the first year of life, according to the rele
vant hemodynamic pattern. Surgical treat
ment has improved the survival rate, partic
ularly during infancy, but the 5 year mortal
ity remains as high as 30 to 50%. The le
sions associated with left isomerism can of
ten be successfully corrected, with a combi
nation of intraatrial and intraventricular re
routing, with a biological valved conduit to
reconstruct the continuity between the right
ventricle and the pulmonary artery. The le
sions associated with right isomerism gener
ally preclude biventricular repair, require a

confluence; the catheter reaches the ventricular cavity from
the azygos vein, superior vena cava, right atrium (AD aorta,
RPA right pulmonary artery, LPA left pulmonary artery, 5V
single ventricle), C lateral view: injection in the single ventri
cle, with opacification of the anterior aorta and of the two
pulmonary arteries; the catheter reaches the ventricular cavi
ty from the azygos vein, superior vena cava, right atrium
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Fig. 2.14.9. Atrial isomerism: angiography. Anteroposterior
view with contrast injection in the innominate vein showing
a very hypoplastic right superior vena cava and a persistent
left superior vena cava draining into a left-sided morphologi
cal right atrium (HV hemiazygos vein, LA left atrium, PL5VC
persistent left superior vena cava, R5VC right superior vena
cava)

staged palliation and carry a poorer prog
nosis.

Historically the procedures of total cavo
pulmonary connection in patients with het
erotaxy syndrome, right atrial isomerism
and functionally univentricular heart have
been associated with high mortality and
morbidity. Nowadays, with the improved
knowledge of the adequate timing for the
staged surgical approach for univentricular
hearts, and with the improved perioperative
management, the results in this complex
group of patients have also substantially im
proved. The staged approach can require
either palliative surgical procedures to in
crease the pulmonary blood flow (modified
Blalock-Taussig shunt) or to decrease pul
monary blood flow and pressure (pulmonary
artery banding) in order to allow for sub
sequent univentricular type of repair (see
chapter "Single ventricle").
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Fig. 2.14.10. Atrial isomerism: angiography. Anteroposterior
view with contrast injection in a the inferior vena cava
located on the left side of the spine, with opacification of
the hepatic veins and the right atrium, located on the left
side, in a child with situs viscerum inversus (HV hepatic veins,
IVC inferior vena cava, RA right atrium), b the right auricular
appendage of left type morphology and located on the right
side of the spine, c the left auricular appendage of left type
morphology and located on the right side of the spine,

I Surgical treatment

I Palliation:
I Pulmonary artery banding: see chapter

"Ventricular septal defect".
I Modified Blalock-Taussig shunt: see chap

ter "Tetralogy of Fallot".

I Repair: for the operations performed on
cardiopulmonary bypass, to avoid deep hy
pothermia and circulatory arrest (therefore a
single venous cannula to drain the venous
return), an individualized technique of ve
nous cannulation, adapted to the anomalies
of the systemic venous return of each pa
tient, is required.

d the innominate vein, showing the superior vena cava and
the right atrium located on the left side, in the same child
as in a, band c with situs viscerum inversus and left atrial
isomerism (SVC superior vena cava, IV innominate vein),
e the left ventricle located on the right side of the spine,
with opacification of the aorta confirming the diagnosis of
situs viscerum inversus (AAo ascending aorta, DTAo descend
ing thoracic aorta, LV left ventricle)

I Biventricular repair: in the presence of
anomalous systemic and/or pulmonary ve
nous connection(s) a complex interatrial
baffle (pericardium, Teflon, PTFE) very fre
quently is required to obtain adequate re
routing of the systemic and pulmonary ve
nous returns (Fig. 2.14.12). In the presence
of persistent left superior vena cava, particu
larly when it is connected to the left atrium
(Fig. 2.14.8), the extracardiac connection of
the left superior vena cava either to the right
superior vena cava or to the right auricular
appendage can simplify the partitioning of
the atrial chambers. The technique to close
atrioventricular or ventricular septal defect
have been described in the respective chap
ters.



Fig. 2.14.11. Atrial isomerism: surgery. a Intraoperative
photograph (same patient as in Fig. 2.14.2) at the end of a
Kawashima operation (= end-to-side anastomosis of the su
perior vena cava to the right pulmonary artery, without
transection of the azygos vein) (Ao aorta, RAA right auricular
appendage, RPA right pulmonary artery, SV single ventricle,
SVC superior vena cava), b postoperative echocardiography
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I Univentricular repair:
I Bidirectional Glenn or Hemi-Fontan: see

chapter "Single ventricle".
I Modified Fontan or total cavopulmonary

connection: see chapter "Single ventricle".
I In the presence of interruption of the infe

rior vena cava and azygos continuation,
the preferred surgical option is the Kawa
shima operation (Fig. 2.14.11 a), consisting
in the end-to-side anastomosis between
the transected superior vena cava and the
right pulmonary artery, like in the bidir
ectional Glenn, but without dividing the
azygos vein (Fig. 2.14.11 b and c); in this
way the entire systemic venous return, ex
cluding splanchnic veins and coronary
sinus, is deviated directly into the pulmo
nary circulation. The Kawashima operation
therefore represents an almost complete
univentricular type of repair, like the total
cavopulmonary connection, see page 188.

I Potential complications

The main differences in comparison with the
patients with functionally univentricular
hearts without isomerism with regard to the
complications are the following:
I after bidirectional Glenn (see chapter

"Single ventricle"), a higher incidence of
prolonged pleural effusions and chylotho 
rax,

I after modified Fontan or total cavopul
monary connection (see chapter "Single
ventricle"), a higher incidence of pro
longed pleural effusions, supraventricular
arrhythmias, pulmonary arteriovenous
malformations and venovenous collaterals
(particularly after Kawashima operation).

(same patient as in Fig. 2.14.2) after the Kawashima opera
tion, showing both the azygos vein and the superior vena
cava connected to the pulmonary artery (AZYGOS azygos
vein, PA pulmonary artery), c postoperative Doppler echocar
diography (same patient as in Fig. 2.14.2) after the Kawashi
ma operation, showing the continuous flow in the azygos
vein (photographs band c courtesy of Dr. Nicole Sekarski)
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Fig. 2.14.12. Atrial isomerism: surgery. Intraoperative photo
graph (same child as in Fig. 2.14.10) taken from a the head
of the patient showing the situs inversus of the heart with
dextrocardia, the superior vena cava and the right atrium lo
cated on the left side, and the left morphology of the right
auricular appendage, located on the left side, because of the
left atrial isomerism (Ao aorta, LV left ventricle, RA right
atrium, RAA right auricular appendage, RV right ventricle,
SVCt superior vena cava tourniquet), b the right side with a
different view of the same patient showing the superior vena
cava and the right atrium located on the left side (/VCt infe
rior vena cava tourniquet, SV( superior vena cava), c the
right side showing the cannulation of aorta, left sided supe
rior and inferior vena cava, with right atriotomy for intra
cardiac repair (Aoe aortic cannula, Ao(e aortic cross clamp,
(Pc cardioplegia cannula, /V(e inferior vena cava cannula),
d the right side showing the prosthetic patch used for in
teratrial partitioning (lAP interatrial patch)

In patients with isomerism undergoing a
total cavopulmonary connection a larger use
of fenestration could probably prevent or
reduce this high incidence of postoperative
complications and further improve the out
come.
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CHAPTER 2.15 Slings and rings

In this chapter the two most frequent ana
tomical situations with slings and/or rings
are taken into considerations: pulmonary ar
tery sling and vascular ring.

Pulmonary artery sling

I Incidence

Airway stenosis is present in 1.2% of children
with congenital heart defects, and is more fre
quent in patients with Down syndrome (40%)
than in the normal population. No gender
prevalence has been detected. The incidence
of the pulmonary artery sling has not been
precisely quantified, although it is very rare .

I Morphology

Pulmonary artery sling (=anomalous left
pulmonary artery) is a rare congenital vas
cular anomaly in which the left pulmonary
artery originates extrapericardially from the
posterior aspect of the right pulmonary ar
tery, encircles the right main bronchus and
then courses from right to left, posterior to
the distal trachea and tracheal bifurcation
and anterior to the esophagus, before enter
ing the hilum of the left lung (Fig. 2.15.1).

The left pulmonary artery is often rela
tively hypoplastic and considerably smaller
than the right pulmonary artery, which ap
pears larger than normal, virtually a direct
extension of the main pulmonary artery.

The ligamentum arteriosum passes poste
riorly to the aorta from the point of origin
of the right pulmonary artery from the main
pulmonary artery, superiorly to the left main
bronchus, effectively creating a vascular ring
(or sling) around the trachea but not around
the esophagus.

I Associated anomalies

Approximately 50% of patients with a pul
monary artery sling have complete cartilagi
nous tracheal rings: the posterior membra
nous component of the trachea is absent,
and the tracheal cartilages, rather than being
U shaped, are 0 shaped. The presence of
complete tracheal rings does not imply that
important stenosis will necessarily be pre
sent, although the trachea is often narrower
than normal. The complete rings may be lo
calized to the region where the sling passes
around the trachea, although often they ex
tend for the entire length of the trachea,
creating a long-segment tracheal stenosis. In
the area where the sling passes around the
trachea, there is likely to be tracheal com
pression resulting in important functional
stenosis , even if there is not an underlying
anatomic stenosis.

Bronchus suis (= "pig bronchus"), consist
ing of separate high origin of the epiarterial
bronchus to the right upper lobe from the
trachea, is also a relatively frequent associa
tion of pulmonary artery sling.

Congenital heart defects are present in 50%
of patients with pulmonary artery sling, most
commonly atrial septal defect, ventricular

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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Fig. 2.1S.l. Pulmonary artery sling: morphology. Schematic
drawing of the pulmonary artery sling and the relationship
between the anomalous left pulmonary artery and the sur-

rounding structures (ALPA anomalous left pulmonary artery,
Ao aorta, Eesophagus, RPA right pulonay artery, T trachea)

septal defect, patent ductus arteriosus, persis
tent left superior vena cava, scimitar syn
drome (see chapter "Partial anomalous pul
monary venous connection"). Extremely rare
is the association with tricuspid atresia, single
ventricle, tetralogy of Fallot, transposition of
the great arteries, aortic arch anomalies .

Other anomalies in the arterial supply to
one or both lungs can be seen in association
with this malformation, like the anomalous
left pulmonary artery only supplying the left
upper lobe with the normal pulmonary ar
tery supply to the left lower lobe, or partial
anomalous supplying the right upper lobe
from an anomalous left pulmonary artery.

I Pathophysiology

The anomalous left pulmonary artery causes
compression of the right main bronchus and
distal trachea, with deviation of the distal tra
chea to the left and subsequent compression
of the right main bronchus and distal trachea.
The resulting airway obstruction affects pri
marily the right lung, although compression

of the lower trachea and left main bronchus
can result in bilateral obstruction. When there
is a prolonged duration of the airway com
pression, tracheomalacia and/or bronchoma
lacia can be a severe consequence .

I Diagnosis

I Clinical pattern: clinical signs generally
(90% of cases) present within the first
month of life with upper airway symptoms,
obstructive emphysema, lung atelectasis, se
vere respiratory distress, expiratory stridor,
wheezing, recurrent respiratory infections,
obstructive apnea, tachypnea, cyanosis; all
these symptoms are mostly episodic and
variable; symptoms of esophageal compres 
sion (dysphagia) are rarely present.

I Electrocardiogram: right ventricular hyper
trophy can be present.

I Chest X-ray: deviation of the lower trachea
to the left; hyperinflation of the right lung,
sometimes accompanied by hyperinflation



also of the left lung; atelectasis of a lobe or of
an entire lung may be present; the lateral view
shows a density anterior to the esophagus and
posterior to the trachea just above the carina,
due to the anomalous left pulmonary artery;
barium swallow is the diagnostic procedure
of choice: an anterior indentation of the eso
phagus on the lateral projection is diagnostic
of pulmonary artery sling; in the frontal pro
jection the esophagus is displaced to the right
and demonstrates an oblique impression im
mediately posterior to the carina.

I Echocardiogram: suprasternal view shows
absence of the normal bifurcation of the pul
monary arteries, with the left pulmonary ar
tery apparently absent; examination of the
right pulmonary artery reveals the left pul
monary artery arising from its posterior sur
face; the anomalous left pulmonary artery
can be followed posterior to the trachea and
anterior to the esophagus.

I Cardiac catheterization: injection in the
main pulmonary artery is the gold standard
for precise diagnosis.

Combined bronchoesophagoscopy: it should
be systematically used to evaluate the extent of
the airway compromise, in order to decide if
the reimplantation of the anomalous left pul
monary artery needs to be accompanied by si
multaneous tracheal surgery; the endoscopy
can show a stenosis with circular tracheal
rings, pulsatile compression of the lateral tra
cheal wall, tracheobronchomalacia of various
degrees, subglottic stenosis, anomalies of the
bronchial distribution, pulsatile compression
of the esophagus, rarely other tracheoesopha
geal malformations; it also allows anticipation
of problems during the tracheal intubation, as
well as postoperative extubation problems in
the case of a nontreated associated airways ob
struction.

I Computed tomography and magnetic reso
nance imaging: define the anatomical details
of both the airway and the vascular structures;
in particular it demonstrates the left pulmo-
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Fig. 2.15.2. Pulmonary artery sling: radiology. a CT scan
showing the left pulmonary artery arising from the right pul
monary artery, encircling the trachea, and reaching the hilum
of the left lung coursing anteriorly to the esophagus and the
aorta (OTAa descending thoracic aorta, Es esophagus, LPA left
pulmonary artery, MPA main pulmonary artery, RPA right pul
monary artery, Sp spine), b contrast magnetic resonance in
the same child showing the left pulmonary artery arising
from the right pulmonary artery, encircling the trachea, and
reaching the hilum of the left lung coursing anteriorly to the
esophagus and the aorta,

nary artery arising from the right pulmonary
artery, encircling the trachea, and reaching
the hilum of the left lung coursing anteriorly
to the esophagus and the aorta (Fig. 2.15.2);
furthermore, it shows the presence of com
plete tracheal rings and the level and the ex
tent of tracheal stenosis (Fig. 2.15.3).

I Indications for surgical treatment

Most infants with this anomaly present with
severe respiratory distress within the first
few months of life. Since elevated mortality
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Fig. 2.15.2. c lateral projection of the 30 reconstruction of
the CT scan in the same patient showing the absence of ori
gin of the left pulmonary artery from the main pulmonary
artery, and its origin (white arrow) from the right pulmonary
artery (white star) (AAo ascending aorta, OTAo descending
thoracic aorta). d anteroposterior projection of the 30 recon
struction of the a scan showing the absence of origin of
the left pulmonary artery from the main pulmonary artery

Fig. 2.15.3. Pulmonary artery sling: radiology. a Anteropos
terior projection of the a scan in the same patient an in
Fig. 2.15.2 showing the associated long-segment tracheal ste
nosis with severe distal deviation and obstruction (white ar
row), b anteroposterior projection of the magnetic resonance
in the same patient showing the associated long-segment
tracheal stenosis with severe distal deviation and obstruction
(white arrow) (Tr trachea)

and morbidity are caused by the associated
tracheomalacia and bronchomalacia as a
consequence of the increasing duration of
airway compression, early surgical treatment
is indicated to reduce mortality and morbid
ity in these patients. Reimplantation of the



anomalous left pulmonary artery is the
treatment of choice, with or without tracheal
reconstruction according to degree, exten
sion and duration of the airway involvement.
In the presence of an associated malforma
tion of the upper airway, its surgical treat
ment must absolutely be performed during
the same operation for the vascular lesion.
The airway surgery as well as the postopera
tive course are much more complicated if
the surgical treatment of the airway has to
be done during a re-do thoracotomy on a
patient impossible to wean from the me
chanical ventilation and tracheal intubation
because of the presence of a nondiagnosed
tracheal stenosis. Moreover, the surgical ac
cess to the trachea is optimal during the
same cardiopulmonary by-pass used to treat
the vascular malformation, allowing a short
er operation time for the airway reconstruc
tion.

I Surgical treatment

Division of the anomalous left pulmonary
artery at the origin and its mobilization and
subsequent reimplantation into the main
pulmonary artery anterior to the trachea can
be accomplished either with or without car
diopulmonary bypass, by means of a side
biting clamp applied to the side of the main
pulmonary artery. The mobilization of the
pulmonary artery is enhanced by the divi
sion of the ligamentum arteriosum and
needs to be as much as possible extensive,
in order to reduce tension on the subsequent
anastomosis, therefore, reducing the risk for
stenosis or occlusion of the reimplanted ar
tery. The anomalous left pulmonary artery is
separated at its origin from the right pulmo
nary artery, and the remaining opening in
the right pulmonary artery is closed gener
ally with direct suture; in very small children
it might be necessary to use a small patch of
autologous pericardium. Then the left pul
monary artery, well dissected and separated
from the surrounding structures, including
the trachea anteriorly and the esophagus
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posteriorly, is pulled into the left pleural
space and then brought back into the peri
cardium through a window created in the
pericardium posteriorly to the left phrenic
nerve at the level of the main pulmonary ar
tery. At this point the proximal end of the
transected left pulmonary artery is end-to
side anastomosed to the left aspect of the
main pulmonary artery, carefully avoiding
twisting, kinking or traction.

The procedure of reimplantation of the
anomalous left pulmonary artery has been
reported via left or (very rarely) right thora
cotomy, but the preferred approach is
through a median sternotomy: this approach
not only allows better mobilization of the
pulmonary artery and the choice between
the reimplantation with or without cardio
pulmonary bypass, but also leaves the possi
bility for simultaneous tracheal reconstruc
tion (of course with cardiopulmonary by-

Fig. 2.15.4. Pulmonary artery sling: surgery. a Schematic
drawing of the surgical technique of the slide tracheoplasty,
b schematic drawing of the surgical technique of the slide
tracheoplasty, showing overlapping of the lateral tracheal
walls to avoid inward collapse (photographs courtesy of Dr.
Philippe Monnier)
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Fig. 2.15.5. Pulmonary artery sling: surgery. a Intraoperative
photograph showing the surgical technique of the slide tra
cheoplasty; after extensive mobilization of the long segment
tracheal stenosis and beginning of cardiopulmonary bypass,
the trachea is divided in the middle of the long segment
stenosis (Ao aorta, Aoe aortic cannula, DTS distal tracheal
stump, fA innominate artery, LeA left carotid artery, PTS prox
imal tracheal stump), b longitudinal incision of the two
stumps of the trachea over the entire longsegment stenosis,
respectively on the posterior aspect of the proximal tracheal
stump, and on the anterior aspect of the distal tracheal
stump, c completed lateral anastomosis of the two stumps

pass) in the presence of complete tracheal
rings with or without long-segment tracheal
stenosis.

With regard to tracheal reconstruction,
several techniques have been adopted for cir
cular ring stenosis.

Resection is the procedure of choice for
short stenoses « 1/3 of the tracheal length)
without involvement of the carina or the
main bronchi:
• For long segment stenosis, pericardial

patch tracheoplasty was the gold standard
for a long time, but now tends to be pro
gressively replaced by slide tracheoplasty.

• Slide tracheoplasty, feasible even in infants
in the presence of very long segment tra
cheal stenosis (Fig. 2.15.4, 2.15.5 and
2.15.6), has been demonstrated to provide
the most reliable and consistent early and
long-term results.

• Homograft tracheoplasty, prosthetic patch
or costal cartilage tracheoplasty have been
reported in a few cases with very inconsis
tent results .

I Potential complications

Residual or recurrent stenosis (with also re
ported occlusion) at the origin of the reim
planted left pulmonary artery, residual or re
current airway obstruction, tracheomalacia,
recurrent respiratory infections.

of the trachea over the entire length (DT distal trachea,
PT proximal trachea), d tracheoscopy (photograph courtesy
of Dr. Philippe Monnier)
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Fig. 2.15.6. Pulmonary artery sling: surgery. Intraoperative
photograph of the same child as in Figs. 2.15.2 and 2.15.3
showing a the intrapericardial anatomy (Ao aorta, MPA main
pulmonary artery, RA right atrium, RPA right pulmonary ar
tery, RV right ventricle, SVC superior vena cava), b the anom
alous left pulmonary artery arising from the right pulmonary
artery, dissected free and controlled with a blue elastic vessel
loop (fA innominate artery), C the progressive preparation of
the anomalous left pulmonary artery arising from the right
pulmonary artery, and its relationship with the anterior as
pect of the trachea (Tr trachea), d the preparation of the
distal intrapleural portion of the anomalous left pulmonary
artery, dissected free and controlled with a blue elastic vessel
loop (LL left lung), e after the cannulation for cardiopulmon
ary bypass, the preparation by a surgical instrument (white
arrow) of a window created in the pericardium posteriorly to
the left phrenic nerve at the level of the main pulmonary

artery by an opening through the left pleura to create the
new pathway for the left pulmonary artery, dissected free
and controlled with a blue elastic vessel loop. (CPc cardiople
gia cannula, LAA left auricular appendage, RAc right atrial
cannula), f the distal occlusion of the left pulmonary artery,
controlled by a blue elastic vessel loop, by a vascular clamp
(white star), in the left pleural cavity, g the proximal occlu
sion of the left pulmonary artery, controlled by a blue elastic
vessel loop, by a vascular clamp (white star), at its origin
from the right pulmonary artery, h the division of the proxi
mal left pulmonary artery from its origin from the right pul
monary artery; the distal stump (white star) is controlled
with forceps, i the left pulmonary artery, well dissected and
separated from the surrounding structures, including the tra
chea anteriorly and the esophagus posteriorly, pulled into
the left pleural space.
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Fig. 2.1S.61-r. I The posterior portion of the end-to-side
anastomosis of the left pulmonary artery to a longitudinal
incision performed on the right aspect of the main pulmo
nary artery, controlled with a vascular clamp (white asterisk),
m the completed end-to-side anastomosis of the left pulmo
nary artery to the main pulmonary artery, n the preparation
of the trachea with longsegment stenosis for the slide tra
cheoplasty; note the small size of the trachea in comparison
with the normal size of the right bronchus; innominate
artery and vein have been dissected free and controlled with
blue elastic vessel loops (IV innominate vein, RB right

bronchus). 0 the transversal division of the trachea at the
middle of the long segment stenosis; note the very narrow
internal lumen of the distal trachea (DTr distal trachea, PTr
proximal trachea), p the first sutures to approximate the two
stumps of the trachea after longitudinal opening of the
anterior aspect of the distal stump and of the posterior as
pect of the proximal stump, q the surgical details of the su
tures approximating the two stumps of the trachea, showing
the substantial increase of the tracheal size allowed by the
slide tracheoplasty, r the completed slide tracheoplasty



Vascular ring

I Incidence

Airway stenosis is present in 1-2% of chil
dren with congenital heart defects, and is
more frequent in patients with Down syn
drome (40%) than in the normal population.
No gender prevalence has been detected.

I Morphology

Several congenital vascular anomalies can
determine airway compression at the level of
the trachea or of the main bronchi (mostly
the left), and esophageal compression, be
cause of the presence of a complete or in
complete vascular ring constituted by the
aortic arch and its branches. Generally a
vascular ring is due to the presence of a
double aortic arch or to the presence of a
right aortic arch, but a right aortic arch may
occur without forming a vascular ring; the
presence or absence of a vascular ring in the
setting of a right aortic arch depends upon
the branching of the brachiocephalic vessels
and the location of the ductus arteriosus.

• Frequent forms:
• Double aortic arch: double aortic arch is

one of the two most common forms (45
65% of cases) of complete vascular rings,
with trachea and esophagus completely
encircled by connected segments of the
aortic arch and its branches; as the name
implies, this anomaly consists of two aor
tic arches, an anterior and leftward arch
and a posterior and rightward arch.
Various forms of double aortic arch exist:
both arches may be patent, or an atretic
(but persistent) segment may exist at one
of several locations in either arch. Gener
ally the descending aorta is left sided
although it may be right sided or in the
midline. The right arch, generally domi
nant (in 50-75% of patients), gives origin
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to the right common carotid and right
subclavian arteries either as an innomi
nate artery or as two separate vessels. The
left arch, which gives origin to the left
common carotid and left subclavian ar
teries, in the majority of patients is patent,
but it may be hypoplastic or atretic be
yond the origin of either the left common
carotid (rarely) or the left subclavian ar
tery (more frequently). In the latter case a
fibrous cord joins the descending aorta,
where it emerges from behind the esopha
gus to become the left descending aorta
near the insertion of the ligamentum ar
teriosum. Note that the right recurrent
laryngeal nerve must pass around the
right aortic arch, rather than being in its
usual location around the right subclavian
artery. In 15-25% of patients the left arch
is dominant, and in these cases the right
arch is almost always patent, while in 15
25% of patients right and left aortic arch
present with almost equal size.

• Right aortic arch with anomalous origin of
the left subclavian artery and left ductus
arteriosus or ligamentum arteriosum: a
right aortic arch that gives origin, in se
quence, to the left common carotid, the
right common carotid, the right subcla
vian, and the left subclavian arteries. The
left subclavian artery, last branch originat
ing from the aortic arch, passes behind
the esophagus and then gives origin to
the ductus arteriosus or ligamentum arte
riosum, which passes anteriorly to con
nect to the proximal left pulmonary ar
tery, thereby completing the vascular ring.

• Right aortic arch with mirror-image
branching and left retroesophageal ductus
arteriosus or ligamentum arteriosum: a
right aortic arch that gives origin, in se
quence, to the left innominate artery (left
common carotid with left subclavian), the
right common carotid, and the right sub
clavian artery. The final branch, often
arising from a prominent ductus diverti
culum, is a patent ductus arteriosus or lig
amentum arteriosum that passes leftward,
behind the esophagus, and then anteriorly
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to connect the left pulmonary artery.
When there is mirror image branching, if
the ligamentum arteriosum arises from
the innominate artery to pass to the ori
gin of the left pulmonary artery, this does
not result in a complete vascular ring. Bi
lateral ductus arteriosus has also been re
ported.

I Anomalous innominate artery: the innomi
nate artery originates more posterior than
usual from the left aortic arch and crosses
posteriorly the trachea, causing compres
sion of the anterior tracheal wall (innomi
nate artery compression syndrome).

I Pulmonary artery sling (see above).

I Rare forms

I Right or left retroesophageal aortic arch.
I Right aortic arch with anomalous left sub

clavian artery with or without aortic
coarctation: this combination is techni
cally not a complete vascular ring, but it
may cause symptoms similar to a ring be
cause of the presence of a right-sided pat
ent ductus arteriosus or ligamentum arte
riosum, contributing to the formation of
an incomplete vascular ring.

I Situs inversus with left aortic arch and
right ligamentum arteriosum.

I Dominant left aortic arch, mirror-image
branching, right descending aorta, and
atretic right aortic arch: a dominant left
aortic arch is extremely rare; with this
rare form of vascular ring, the arch ves
sels arise normally from the normal-sized
left aortic arch, while the right arch is
atretic.

I Left aortic arch, right descending aorta,
and right-sided ligamentum arteriosum to
right pulmonary artery: the reported
branching sequence from the left aortic
arch is the right common carotid, left
common carotid, left subclavian, and, fi
nally, right subclavian as a fourth branch
from the proximal descending aorta.

I Associated anomalies

A vascular ring is generally an isolated car
diac malformation, with ventricular septal
defect and tetralogy of Fallot probably the
most common associated anomalies. Very
rarely it can be associated with anomalous
left subclavian artery, left or right patent
ductus arteriosus, aortic coarctation, univen
tricular heart, pulmonary atresia with ven
tricular septal defect (unusual), double outlet
right ventricle, truncus arteriosus, transposi
tion of the great arteries.

Since the major clinical impact of the
presence of a vascular ring in children is
tracheal compression, altered tracheal geom
etry has been demonstrated in all sympto
matic children with vascular rings, with
smaller dimensions (area, shorter and long
est diameters) compared with asymptomatic
children.

Esophageal compression can be associated
with the airway compression, while esopha
geal atresia is sometimes found in associa
tion with double aortic arch.

A vascular ring can be associated (in ap
proximately 20-25% of patients) with dele
tion of chromosome 22q11.2 or DiGeorge
syndrome (CATCH-22 syndrome = cardiac
defect, abnormal face, thymic hypoplasia,
cleft palate, hypocalcemia, microdeletion of
band 22qll), as well as occasionally with
VATER syndrome (=vertebral defects, anal
atresia, tracheoesophageal fistula with
esophageal atresia, renal and radial anoma
lies) and CHARGE syndrome (= coloboma,
heart disease, atresia choanae, retarded
growth, retarded development and/or central
nervous system anomalies, genital hypopla
sia, ear anomalies and/or deafness).

I Pathophysiology

Vascular rings, in contrast to a pulmonary
artery sling, encircle both the esophagus and
the trachea and, therefore, may result in
obstruction of both. Nevertheless, the mere
presence of a ring does not guarantee that



there will be compression, since the extent
of respiratory impairment depends on the
severity of airway compression and degree
of tracheomalacia, which can vary consider
ably; rarely rings may remain asymptomatic
for life and not require any intervention.

Airway compression is more frequently as
sociated with double aortic arch than with
other forms of vascular ring, and the com
pression of the trachea and/or one of the main
bronchi is often more severe. Tracheomalacia
and bronchomalacia are frequently associated
as a consequence of the airway compression,
particularly in the presence of Down syn
drome, malnutrition, long segment tracheal
stenosis with complete cartilaginous tracheal
rings (see chapter "Pulmonary artery sling"),
increasing duration of the vascular compres
sion with recurrent respiratory symptoms or
assisted mechanical ventilation.

Airway obstructions in children with
Down syndrome are complicated by upper
airway obstructive pathologies such as naso
pharyngeal, oropharyngeal and subglottic
disease.

Esophageal compression is generally pro
gressive and provides symptoms typical of
dysphagia.

I Diagnosis

• Clinical pattern: presentation of symptoms
depends on the severity of airway and/or
esophageal compression and the presence of
associated anomalies ; nonpositional inspira
tory stridor, noisy breathing, expiratory
wheezing, "seal barky" cough, respiratory
distress, recurrent lower or upper respiratory
tract infections and apnea are due to airway
compression; progressive dysphagia with in
creasing difficulty for solid food, with swal
lowing difficulties, choking, reflux and re
current vomiting are related to esophageal
compression; failure to thrive is the general
ized consequence of airway and/or esopha
geal compression; young patients may
experience episodes often referred to as
"apparent life-threatening events" or "death
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spells", with an acute apneic or severe ob
structive crisis accompanied by cyanosis.

• Electrocardiogram: not diagnostic; usually
it is normal, with the exception of abnor
malities due to the presence of associated
cardiac anomalies .

• Chest X-ray: the presence of a right aortic
arch is already suggestive of an associated
vascular ring; the lateral projection shows
tracheal bowing, as well as tracheal narrow
ing at the level of the aortic arch; bilateral
tracheal indentations may be appreciated on
overpenetrated radiograms; vascular rings
produce a posterior indentation of the eso
phagus evident on barium swallow on the
lateral projection, and bilateral indentations
in anteroposterior projection, with indenta
tions at different levels and of a different
size: the more superior and usually larger
indentation given by the right arch and the
more inferior and usually smaller indenta
tion given by the left arch; it is important to
distinguish a double arch from the retroeso
phageal subclavian or ligamentum arterio
sum, based on the angulation of the esopha
geal impression (Fig. 2.15.7); video esogra
phy simultaneously with angiography allows
the visualization of the pulsatile cause of the
obstruction.

Echocardiogram: echocardiography, with
suprasternal, high parasternal and subcostal
views, generally allows accurate definition of
the anatomy of a vascular ring , particularly
when imaging is combined with Doppler
color flow.

• Cardiac catheterization: nowadays aortog
raphy is rarely needed for diagnosis of vas
cular rings, and is indicated in the presence
of associated cardiac malformations; with or
without simultaneous tracheobronchoscopy,
it allows the identification of the anomalous
vascular structures and the relationship with
the airways (Fig. 2.15.8).
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Fig. 2.15.7. Vascular ring: radiography. Barium swallow
esophagogram, showing the esophageal indentation due to
the simultaneous presence of right aortic arch and anoma
lous left subclavian artery

Fig. 2.15.8. Vascular ring: angiography. Contrast injection in
the ascending aorta of the same patient as in Fig. 2.15.7
showing the simultaneous presence of right aortic arch and
anomalous left subclavian artery (AAa ascending aorta, DTAa
descending thoracic aorta, LCA left carotid artery, LSA left
subclavian artery, RCA right carotid artery, RSA right subcla
vian artery)

Bronchoesophagoscopy: is the gold diagnos
tic standard in the diagnosis of an external
compression of the upper airway and diges
tive tract by a vascular structure; the endo
scopic location of a pulsatile extrinsic com
pression of the trachea and/or the esophagus
allows the identification of the type of vascu
lar malformation; showing pulsatile compres
sion of the posterior and lateral tracheal walls
(anterior and lateral tracheal walls in the pres
ence of right aortic arch).

Computed tomography and magnetic reso
nance imaging: also very useful in order to
define the anatomical details of both the air
way and the vascular structures.

I Indications for surgical treatment

Since the untreated severe respiratory ob
structions occurring in the first few months
of life are generally fatal before the age of 1
year, the general agreement is that if either
respiratory or dysphagic symptoms are pre
sent, surgical division of the ring is indi 
cated. Only if the child is asymptomatic may
surgery be deferred. Preoperatively the child
should be given maximal nutritional support
as well as general respiratory care, including
chest physiotherapy and appropriate treat
ment of respiratory infection. Surgery should
not be unduly delayed because of the pres
ence of a respiratory infection, as division of
the ring, which allows more adequate clear
ing of respiratory secretions, is the most ef
fective treatment of infection. Furthermore,
delayed surgery may result in either sudden
death of further tracheobronchial damage.

In the presence of a vascular ring, the
most convenient surgical approach is
through a left posterolateral thoracotomy,
because the majority (more than 95% of the
cases) of vascular rings consist of a domi
nant right arch. This approach can be modi
fied by the presence of a dominant left aor
tic arch, extremely rare, and of associated
congenital heart defects. Right thoracotomy
is used only in the presence of innominate



artery compression syndrome. If a double
aortic arch is present, it is important to be
aware preoperatively which of the arches is
dominant: in the vast majority of cases is
the right aortic arch.

I Surgical treatment
(without cardiopulmonary bypass)

For the division of the vascular ring, the
chest is entered through the fourth intercos
tal space, the left lung is retracted anteriorly,
and the mediastinal pleura is reflected in the
area of the left arch and ligamentum arterio
sum or ductus arteriosus. After dissection,
identification and control of all the vessels
with elastic vessel loops, the segment to be
divided is controlled with vascular clamps
(Fig. 2.15.9) . After division, the stumps of
the vessel are oversewn with continuous su
tures. If the segment to be divided is clearly
atretic, division between double ligatures
can be sufficient. After division the two
stumps generally retract briskly, indicating
the tension with which the ring has been
surrounding the esophagus and trachea. In
all cases the ligamentum arteriosum or the
patent ductus arteriosus must also be di
vided. Frequently, there are additional fi
brous strands passing across the esophagus
and/or the trachea, and all these have to be
divided to completely relieve the compres
sion (Figs. 2.15.10 and 2.15 .11). In the rare
case requiring approach through a right
thoracotomy, the same principles are ap
plied. The right recurrent laryngeal nerve
will pass around the right-sided ligamentum
arteriosum and should be carefully visual
ized and preserved. Techniques of video-as
sisted thoracoscopic division have recently
been developed as an alternative approach to
the division of vascular ring.

In the case of persistent compression of
trachea and/or main bronchus by the aorta
or a pulmonary artery branch, "arteriopexy"
performed by suturing the retroesophageal
aortic segment to the prevertebral fascia or
through the sternum; "extension" of the aor-
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Fig. 2.15.9. Vascular ring: surgery. Intraoperative photograph
in an infant with double aortic arch and patent ductus arte
riosus; a surgical approach through left posterlateral thoracot
omy in the fourth intercostal space; left lung retracted ante
riorly with the white sponge (AAoA anterior aortic arch, DrAo
descending thoracic aorta, LeA left carotid artery, LSA left sub
clavian artery, PAoA posterior aortic arch, PDA patent ductus ar
teriosus), b patent ductus arteriosus and anterior aortic arch
have been divided and the stumps oversewn; the divided prox
imal stump of the anterior aortic arch is still controlled with a
vascular clamp; the esophagus has been largely decompressed
by the division of the anterior aortic arch, as demonstrated by
the distance of the twostumps (ES esophagus), c final appear
ance after division of the patent ductus arteriosus and of the
anterior aortic arch, with the esophagus now completely free
(LVA left vertebral artery)
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Fig. 2.15.10. Vascular ring: surgery. a, b Intraoperative
photograph in a child with double aortic arch and patent
ductus arteriosus, same surgical approach as for the patient
as in Fig. 2.15.9 (AaaA anterior aortic arch, DTAa descending
thoracic aorta, ES esophagus, LSA left subclavian artery, PAaA
posterior aortic arch, PDA patent ductus arteriosus)

ta or the pulmonary artery by a tubular
prosthesis may be necessary.

In the presence of innominate artery com
pression syndrome, the approach is through
right anterior thoracotomy with suspension
of the innominate artery to the posterior as
pect of the sternum; an alternative technique
is the transection of the innominate artery
at the origin and its reimplantation on the
aorta in a more proximal position.

In the presence of tracheal or bronchomala
cia, tracheal suspension or bronchial suspen
sion can be accomplished with traction and
fixation to the chest wall: when these proce
dure are performed with simultaneous intrao
perative tracheobronchoscopy, immediate

Fig. 2.15.11. Vascular ring: surgery. a Intraoperative photo
graph in a young adult patient with Kommerel diverticulum
and patent ductus arteriosus, b the patent ductus arteriosus
has been divided and the esophagus is free (DTAa descend
ing thoracic aorta, LSA left subclavian artery, Es esophagus,
PDA patent ductus arteriosus)

control of the obtained relief of airways com
pression is accomplished. If the suspension
procedure does not provide satisfactory relief,
other procedures may be required, like resec
tion if localized pathology, reinforcement of
tracheal wall by implantation of rib cartilage
or other allogenic resorbable material.

In the presence of associated intracardiac
anomalies requiring simultaneous repair
with cardiopulmonary bypass through med
ian sternotomy, the division of the vascular
ring is performed during the same proce
dure from a frontal approach, also advisable
in the presence of associated tracheal or
esophageal lesions requiring simultaneous
surgical treatment.



I Potential complications

Since in the young infant with severe respira
tory symptoms there is likely to be an element
of tracheo/bronchomalacia associated with
the long-standing compression by the ring
during in utero development, it should be an
ticipated that all respiratory symptoms will
not be immediately relieved, even after com
plete relief of the external airway compres
sion; in fact it may be several months before
the child is free of respiratory symptoms.

Nevertheless, residual or recurrent airway
obstruction is possible, as well as recurrent
respiratory infections, chylothorax (lesion to
the thoracic duct), diaphragmatic paresis/pa
ralysis (injury to the phrenic nerve) or vocal
cord paresis/paralysis (injury to the recur
rent laryngeal nerve) .
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CHAPTER 2.16 Cardiac tumors

I Incidence

Primary cardiac tumors are very rare clinical
entities, with benign neoplasms occurring
three to four times more often (70-90%) than
malignant tumors (10-30%). Only series of
myxomas in adults have been reported, while
very few series involving different types of
primary cardiac tumors in children have been
reported. In this chapter only types of pedia
tric cardiac tumors occurring in the pediatric
age will be considered. Metastatic cardiac
neoplasms are not included. The ability to de
tect cardiac tumors with noninvasive diagnos
tic procedures even during the prenatal peri
od has led to an apparent increase in this di
agnosis, with incidences reported from 0.06%
cases to 0.32%, while the reported autopsy se
ries was limited to 0.027-0.08%.

I Morphology (Fig. 2.16.1)

I Benign tumors: rhabdomyoma is the most
common primary cardiac tumor in the pe
diatric age, particularly in the neonatal peri
od; 75% of cases are diagnosed in infancy.
Rhabdomyomas, a benign tumor of cardiac
myocytes, typically occur as multiple tumors
(in 90% of the patients), particularly when
associated with tuberous sclerosis, and rarely
as a sporadic lesion. They also present as
circumscribed lesions, with a yellowish-gray
color, frequently with the multiple lesions in
both ventricles and in the interventricular
septum, but can be found also in the atria,
at the cavoatrial junction and on the epicar
dial surface. They vary from small (few

millimeters) to extremely large (several cen
timeters). Despite not being noncapsulated,
they generally do not embolize.

Fibroma is the second most common car
diac tumor in the pediatric age, with at least
40% diagnosed in infancy; it has been called
also fibromatosis or fibroelastic hamartoma.
This tumor, usually solitary and large (mul
tiple ventricular fibromas have been also re
ported), circumscribed, firm, gray-white, fre
quently centrally calcified, often involves the
left ventricular free wall or septum, while
right ventricular involvement is more rare.
Sometimes the fibroma incorporates proxi
mal segments of coronary arteries, preclud
ing complete surgical removal, particularly
when located at the superior portion of the
interventricular septum and the crux of the
heart posteriorly.

Papillary fibroelastoma is the third most
common primary heart tumor in the pediat
ric age. It is generally a relatively small le
sion, but it may involve structures like a mi
tral or aortic valve leaflet; since papillary fi
broelastoma is usually a pedunculated and
mobile mass, there is a frequent incidence of
systemic embolism, sometimes responsible
for sudden death.

Myxoma is the most frequent cardiac tu
mor in the adult population, with an inci
dence of 3/1000 patients, while in the pedi
atric population it occurs less frequently, ac
counting for only 9-15% of all cardiac tumors
diagnosed from birth to adolescence. Myxo
mas appear more frequently in females. The
cardiac myxoma is generally solitary, poly
poid and pedunculated, friable, gelatinous,
but with a broad base. The most frequent 10-

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004



214 • Cardiac tumors

Fig. 2.16.1. Cardiac tumors: a morphology, b pathophysiology, c surgery

calization of myxomas is in the left atrium
(75% of cases) where most of the time arises
from the atrial septum (at the limbus of the
fossa ovalis), followed by the right atrium
(20%), and very rarely in the ventricles or
on cardiac valves. These types of tumor pre
sent with a recurrence rate much higher
(21%) than sporadic myxomas (1%).

Teratoma is single, encapsulated, and it
appears most often in the pericardium; in
neonates (50% of teratomas are diagnosed in
the neonatal period) the teratoma can be
larger than the patient's own heart and de
termine cardiac tamponade or pulmonary
compression; there is potential for malignant
transformation.

Hemangioma is a benign proliferation of
endothelial cells, also known as vascular tu
mor and can occur in any part of the heart.

Other types of tumors have been less fre
quently reported in children and include li
poma, mesothelioma, leiomyoma, pheochro
mocytoma, Purkinje cell tumor and benign
cystic tumors.

I Malignant tumors: in the pediatric age
these are all extremely rare. Sarcomas are
the most frequent primary cardiac malignant
neoplasms, with various types of sarcoma;

the angiosarcoma is the most common his
tologic type (most frequently in males), with
reported cases of rhabdomyosarcoma, leio
myosarcoma, liposarcoma, fibrosarcoma, os
teosarcoma, mixosarcoma. Rhabdomyosarco
ma grows invasively, metastatizes and can
recur; these tumors are more common in
children because they may arise from em
bryonic cell remains in the septum. Malig
nant fibrous histiocytoma, lymphoma and
leiomyosarcoma have also been reported.

All these malignant tumors seed blood di
rectly, therefore metastases are common and
widespread, found in as many as 88% of pa
tients with malignant cardiac tumors.

I Associated anomalies

Cardiac rhabdomyomas are associated very
frequently (30 to 86% of patients) with tu
berous sclerosis, and very rarely with con
genital heart defects. Conversely, a rhabdo
myoma is diagnosed in 50-60% of patients
with tuberous sclerosis. Ventricular septal
defect, parachute mitral valve, Ebstein's
anomaly, pulmonary atresia, and patent duc
tus arteriosus have been reported in associa
tion with primary cardiac tumors.



I Pathophysiology

Large-sized tumors can obstruct the inflow
and/or the outflow ventricular tracts, whereas
small lesions can involve the conducting sys
tem causing arrhythmias. Rhabdomyomas
generally do not grow, and partial or complete
spontaneous regression of the mass of the tu
mors have been documented in at least 50% of
the patients. Fibroma has a very slow but con
tinuous growth, and may cause conduction
disturbances and/or obstruction to the left
ventricular outflow tract. Because of the gela
tinous consistency of myxomas, thrombosis
and tumor fragments are prone to embolize;
since the left atrium is the most frequent loca
tion of cardiac myxomas, systemic emboliza
tion is the most frequent clinical complication.

I Diagnosis

I Clinical pattern: the symptoms are general
ized, nonspecific, and depend on number, size
and location of the tumor(s), and may vary be
tween abnormal heart murmur, arrhythmias,
hydrops, dyspnea, syncope, easy fatigability,
angina, low cardiac output, cyanosis (due to
right-to-left shunt because of right ventricular
inflow or outflow tract obstruction associated
with patent foramen ovale) and severe heart
failure; sudden death before surgical removal
has been reported in pediatric patients; sys
temic embolization can be the first sign of
the presence of a cardiac myxoma (where pe
ripheral embolization is reported to occur in
as many as 45-70% of patients) or papillary
fibroelastoma (with sudden death).

I Electrocardiogram: in children with ventri
cular rhabdomyoma ventricular hypertrophy
is due to the electrically active tissue of the
tumor, even in absence of ventricular pres
sure overload or ventricular dilatation; ST-T
changes may be induced by coronary ar
teries compression by the tumor(s); all types
of arrhythmias have been reported in the
presence of cardiac tumor, accordingly with
the location; in most cases electrocardio-
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graphic abnormalities tend to disappear with
the regression of the tumors.

Chest X-ray: cardiomegaly may be present
in cases with hemodynamic obstruction; dis
tortion of the cardiac silhouette can result
from any type of cardiac tumor; certain neo
plasm, like fibroma, can contain calcium, de
tected on plain chest X-ray.

I Echocardiogram: echocardiography is the
most useful and expedient diagnostic tool,
with precise recognition of location, extent
and characteristics (single or multiple, intra
cavitary or intramuscular, solid or cystic) of
the tumor, appearing as filling defect(s) in
the ventricular cavity (Fig. 2.16.2), and its he
modynamic consequences (by Doppler evalu
ation); prenatal diagnosis is also diagnostic
with increasing frequency; the diagnosis of
cardiac rhabdomyoma is made primarily by
echocardiographic evidence of multiple cardi
ac tumors, with associated tuberous sclerosis.

Cardiac catheterization: not required to
made the diagnosis; endomyocardial biopsy
is seldom performed, because of the high
risk of metastasis during the procedure in
the presence of a malignant tumor; it can be
useful to show the coronary arteries in the
presence of extrinsic compression.

I Indications for surgical treatment

I Benign tumors: although the behavior of
cardiac tumors is unpredictable, these forms
are generally resectable ; indication for surgi
cal treatment is given in the presence of severe
obstruction to the right or left ventricular in
flow and/or outflow (Figs. 2.16.3-2.16.5), in
the presence of arrhythmias or of systemic
embolization. This is true particularly for
rhabdomyomas, since regression of the size
of the tumors with growth has been fre
quently reported for multiple cardiac rhabdo
myomas. The younger the age at diagnosis,
the higher the chances for spontaneous re
gression are, complete regression being more
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Fig. 2.16.2. Cardiac tumor: echocardiography. a Long-axis
subxiphoid view showing a very large tumor (asterisk) origi
nating from the interventricular septum and occupying al
most the entire left ventricular cavity (A aorta, P pulmonary
artery, RA right atrium, RV right ventricle) (reproduced with
permission from Marino B, Thiene G (1990) Atlante di anato
mia ecocardiografica delle cardiopatie congenite, USES, Fire
nze), b right oblique subxiphoid view showing a very large
tumor (asterisk) obstructing the right ventricular cavity
(A aorta) (photograph courtesy of Dr. Bruno Marino), cleft
oblique subxiphoid view showing a very large tumor (aster
isk) located on the interventricular septum (LV left ventricle)
(reproduced with permission from Marino B, Thiene G (1990)
Atlante di anatomia ecocardiografica delle cardiopatie conge
nite, USES, Firenze)

Fig. 2.16.3. Cardiac tumor: surgery. a Preoperative echocardio
graphic long-axis subxiphoid view in a neonate showing a very
large tumor (asterisk) occupying almost theentire left ventricu
larcavity (A aorta, Ppulmonary artery, RA right atrium, RV right
ventricle), b Intraoperative photograph of the same neonate as
in a showing the macroscopic appearance of the tumors after
surgical excision, c postoperative echocardiography in thesame
neonate as in a showing the left ventricular cavity completely
free (LV left ventricle) (a-c reproduced with permission from
Como AF, de Simone G, Catena G, Marcelletti C(1984) Cardiac
rhabdomyoma: surgical treatment in theneonate. J Thorac Car
diovasc Surg 87:725-731)



Fig. 2.16.4. Cardiac tumor: surgery. a Preoperative echocardio
graphic right oblique subxiphoid view in another neonate
showing two very large tumors (asterisks) occupying almost
the entire right ventricular cavity, b Postoperative echocardio
graphic right oblique subxiphoid view in the same neonate as
ina showing the right ventricular outflow tract completely free,
and a residual mass (asterisk) attached to the tricuspid valve
(A aorta, P pulmonary artery, RA right atrium) (reproduced
with permission from Como AF, de Simone G, Catena G, Mar
celletti C (1984) Cardiac rhabdomyoma: surgical treatment in
the neonate. J Thorac Cardiovasc Surg 87:725-731)

frequent within the first 4 years of life. In
these patients the prognosis depends upon
the presence of associated tuberous sclerosis.

I Malign tumors: cardiac sarcomas are ex
tremely aggressive, and without treatment
the survival is less than one year. Unfortu
nately these forms are seldom resectable,
and only tumor debulking may be possible
because of the extent of the local spread and
invasion, or because of the frequent distal
metastases. Heart transplant, with radiation
and chemotherapy, has been considered in
some of these patients with unresectable car
diac masses.
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Fig. 2.16.5. Cardiac tumor: surgery. a Intraoperative photo
graph showing the transseptal approach to remove a left
atrial myxoma (CPc cardioplegia cannula, lAS interatrial sep
tum, /VCc inferior vena cava cannula, M myxoma, RA right
atrium, SVCc superior vena cava cannula), b intraoperative
photograph showing the entirely resected left atrial myxoma,
with the white fibrous tissue corresponding to the insertion
on the interatrial septum

I Surgical treatment
(on cardiopulmonary bypass)

The surgical approach and technique of re
section entirely depend upon the size and
location of the tumor(s); whenever possible
the resection is performed through a right
or left atriotomy, or from the aorta or the
pulmonary artery. Right and/or left ventricu
lotomy may be required to resect large-sized
or multiple tumors obstructing the ventricu-
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lar inflow and/or outflow. The surgical exci
sion, particularly in neonates and infants, is
limited to the area of the tumor, because ex
tensive myocardial involvement of vital
structures (valves, conduction tissue, coro
nary arteries) can preclude complete exci
sion of the tumor. Occasionally intrapericar
dial tumors can be excised without cardio
pulmonary bypass.

I Potential complications

Incomplete resection, systemic or pulmonary
embolization, arrhythmias, reduced ventri
cular function, damage to the surrounding
cardiac structures (valves, atrial or ventricu
lar septum, conduction tissue), recurrence.
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CHAPTER 2.17 A ortico-Ieft ventricular tunnel

I Incidence

The true incidence is unknown, although 2
cases among 1754 (=0.1%) patients with con
genital heart defects have been reported in a
10 year period. Male to female ratio is 2:1.

I Morphology (Figs 2.17.1 and 2.17.2)

Aortico-Ieft ventricular tunnel is an extremely
rare congenital malformation, consisting of
an abnormal paravalvular communication be
tween an abnormal aneurysmal dilatation to
the aortic root and the upper portion of a si
nus of Valsalva, above the sino-tubular junc
tion, and the left ventricle, bypassing the aor
tic valve. The tunnel can originate from the
right coronary sinus (most frequently) or
from the left coronary sinus (rarely).

Extremely rare is the occurrence of an
aorto-right ventricular tunnel. Size and
shape of the aortico-ventricular tunnel are
extremely variable.

The following classification has been pro
posed to categorize aortic-left ventricular
tunnel:
• Type I: simple tunnel with a slitlike open

ing at the aortic end, without aortic valve
distortion.

• Type II: large extracardiac aortic wall an
eurysm of the tunnel with an oval opening
at the aortic end, with or without aortic
valve distortion.

• Type III: intracardiac aneurysm of the sep
tal portion of the tunnel, with or without
right ventricular outflow tract obstruction.

• Type IV: combination of types II and III.

Subpulmonary
infundibulum --J~:::o.....",,-

Fig. 2.17.1. Aortico-Ieft ventricular tunnel: morphology. Dia
gram showing the essential anatomy of a tunnel bypassing
the hinge of the aortic valve to produce an aortic-left ventri
cular tunnel (reproduced with permission from: McKay R, An
derson RH, Cook AC (2002) Cardiol Young 12:563-580)

I Associated anomalies

Because of the relationship between the aor
tico-ventricular tunnel and the origin of the
coronary arteries, relatively frequent are the
associations with coronary artery malforma
tions: atresia of a coronary artery orifice,
anomalous origin of the left or right coro
nary artery. Other associated cardiac anoma
lies are bicuspid aortic stenosis, aortic atre
sia, atrial septal defect, ventricular septal de
fect, pulmonary valve stenosis, aneurysm of
sinus of Valsalva, patent ductus arteriosus.

A. F. Corno, Congenital Heart Defects
© Steinkopff Verlag Darmstadt 2004
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Fig. 2.17.2. Aortico-Ieft ventricular tunnel: morphology. a The
tunnel, extending from above the rightcoronary aortic sinus to
open within thefibrous triangle between the leftand rightcor
onary leaflets of the aortic valve, runs within the tissue plane
that separates the sinuses of the aortic valve from the free
standing muscular sub-pulmonary infundibulum (L left coro
nary aortic leaflet, N non-coronary aortic leaflet, R right coro
nary aortic leaflet), b theheart shown isthesame as illustrated
in a. Note thebulge made bythetunnel (starred) between the
aorta and the pulmonary trunk (reproduced with permission
from: McKay R, Anderson RH, Cook AC (2002) Cardiol Young
12:563-580)

I Pathophysiology

The pathophysiological pattern depends
upon the cross sectional area of the tunnel
and the degree of the often associated aortic

valve regurgitation. Hemodynamics equiva
lent to a severe aortic regurgication is the
typical pattern, with subsequent aneurysmal
dilatation and progressive left ventricular
failure. Because the tunnel traverses the
upper portion of the interventricular sep
tum, there is the potential for an aneurysmal
tunnel to create an obstruction to the right
ventricular outflow tract. Involvement of the
left coronary artery, because of the position
of the tunnel, has been reported, but only
very rarely.

I Diagnosis

I Clinical pattern: age at presentation and
severity of symptoms depend upon the size
of the tunnel, and are extremely variable,
from asymptomatic adults (rarely), to se
verely symptomatic neonates and infants be
cause of congestive heart failure or sudden
death. The clinical signs are the same as for
aortic regurgitation, with left ventricular
dysfunction: loud systolic and diastolic thrill
and murmur, with preserved second heart
sound; wide systemic pulse pressure with
bounding peripheral pulses.

I Electrocardiogram: left-axis deviation, left
ventricular hypertrophy, possible T-wave in
version, ST changes in the presence of myo
cardial ischemia .

I Chest X-ray: cardiomegaly, broad upper
mediastinal shadow from the dilated ascend
ing aorta; the esophagogram shows the typ
ical anterior indentation of the esophagus.

I Echocardiogram: parasternal long-axis view
shows a ventricular septal dropout immedi
ately below the aortic valve, with tubular
communication between the aorta and the
left ventricle bypassing the aortic valve, and
with massive regurgitation through the tun 
nel in systole demonstrated by Doppler color
flow; short-axis views demonstrate the pres
ence of aortic-ventricular tunnel opening
into the right ventricle.



Fig.2.17.3. Aortico-Ieft ventricular tunnel: angiography. a Left
ventriculogram in the antero-posterior projection and b in the
lateral projection, showing a tunnel (arrow) extending from the
aorta to the left ventricle in a neonate (reproduced with per
mission McKay R, Anderson RH, Cook AC (2002) Cardiol Young
12:563-580)

I Cardiac catheterization: performed only to
rule out uncommon associated cardiac
anomalies or to obtain precise anatomical
details (Fig. 2.17.3) .

I Indications for surgical treatment

In an infant with an hemodynamically im
portant tunnel, the natural history is charac
terized by rapidly progressive congestive
heart failure and sudden death within the
first few months of life.

The surgical treatment is therefore indi
cated as early as possible, in order to pre-
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vent damage to the aortic valve with pro
gression of the aortic regurgitation, and left
ventricular dilatation with heart failure. The
most important factor leading to a major
aortic valve regurgitation after surgical re
pair is an inherent weakness at the junction
between the membranous part of the ventri
cular septum and the anterior part of the
aortic annulus. This weakness, either struc
tural or secondary to the turbulence created
by the to-and-fro movement of blood
through the tunnel, will change the geome
try of the aortic annulus, especially at the
right coronary sinus area. With the growth
of the aortic root and even after surgical re
pair, the weakness can result in the dysfunc
tion and prolapse of the right aortic cusp.

The goals of surgery are to eliminate the
ventricular volume overload without dama
ging the aortic valve, the coronary arteries
and the conduction tissue, and to relieve any
left or right ventricular outflow tract ob
struction.

I Surgical treatment
(on cardiopulmonary bypass)

The surgical treatment is on cardiopulmon
ary bypass, and it is very important to pre
vent and avoid left ventricular distension be
cause of rapid aortic run-off. The surgical
technique consists, after exposure of the
defect through a transverse aortotomy and
careful identification of the origin of the
coronary arteries, in the direct or patch
(PTFE, Teflon, pericardium) closure of the
aortic side only or both ends of the tunnel
(Fig. 2.17.4). Patch closure of both ends of
the tunnel is the preferred technique to pre
vent distortion of the sinus, and subsequent
progression of the aortic valve regurgitation,
a potential consequence of direct closure,
and recurrencies, presenting with higher in
cidence after closure of the aortic end only.
Associated aortic valve replacement has been
reported in the presence of severe lesion of
the aortic valve, not suitable to reparative
procedure.
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b

Fig. 2.17.4. Aortico-Ieft ventricular tunnel: surgery. The dia
grams illustrate the most commonly employed technique for
repair of an uncomplicated tunnel running from the aorta to
the left ventricle (a, b, c) or the right ventricle (a, d). The
aortic orifice (a) is closed through an aortotomy by suturing
a patch to the sinotubular ridge and the aortic wall, having
identified the orifices of both coronary arteries. The tunnel it
self is opened vertically (b). The ventricular orifice is closed
using a second patch, which is sutured to the ventricular
myocardium, and, in the case of tunnels ending within the

I Potential complications

Residual or recurrent blood flow through the
tunnel) residual or progressive aortic valve re
gurgitation (generally correlated with the age
and the type of repair) but also with the pres
ence or development of annulo-aortic ectasia»
obstruction to the coronary artery perfusion)
complete atrio -ventricular block.

left ventricle, also to the fibrous wall of the unsupported
aortic sinus, and the bottom of the first patch. The walls of
the tunnel are then approximated over the patches, and the
aortotomy is closed. Figure c shows the completed repair of
a tunnel to the left ventricle, with the aortic leaflet now
supported by the patches. Figure d shows a completed repair
for a tunnel terminating in the right ventricle (reproduced
with permission from McKay R, Anderson RH, Cook AC (2002)
Cardiol Young 12:563-580)
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